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1
MULTIPOTENT NEURAL STEM CELLS

RELATED APPLICATION

The present application 1s a divisional of U.S. patent appli-
cation Ser. No. 11/601,565, filed Nov. 17, 2006 now U.S. Pat.
No. 7,803,364, which claims priority from U.S. Provisional
Patent Application Ser. No. 60/738,119 filed Nov. 17, 2005,

which 1s herein incorporated by reference in 1ts entirety.
The work described 1n this application was supported, at

least in part, by NIH Grant No. RO1 NS029818. The United
States government may have certain rights in this invention.

TECHNICAL FIELD

The present invention 1s directed to 1solated and purified
neural stem cells, and to methods of detecting, enriching, and

culturally expanding neural stem cells.

BACKGROUND OF THE INVENTION

A number of conditions and diseases of the central (brain
and spinal cord) and peripheral nervous system adversely
affect humans. These conditions and diseases include, for
example, spinal cord injury, amyotrophic lateral sclerosis
(ALS), Parkinson’s disease, stroke, traumatic brain injury,
brain tumors, multiple sclerosis (MS), and Fabry Disease.
Clinical management strategies frequently focus on the pre-
vention of further neurological damage or injury rather than
replacement or repair of the damaged neurological tissue
(e.g., neurons, glial cells). These strategies can include treat-
ment with exogenous steroids and synthetic, non-cellular
pharmaceutical drugs and can have varying degrees of suc-
cess, which may depend on the continued administration of
the steroid or synthetic drug.

For this reason, there 1s a great deal of evolving interest in
neural progenitor cells. Up until the present time, 1t was
generally thought that multipotent neural progemitor cells
commit early in the differentiation pathway to either neural
restricted cells or glial restricted cells. These 1n turn are
thought to give rise to mature neurons, or to mature astrocytes
and oligodendrocytes. Multipotent neural progenitor cells 1n
the neural crest also differentiate to neurons, smooth muscle,
and Schwann cells. It 1s hypothesized that various lineage-
restricted precursor cells renew themselves and reside in
selected sites of the central nervous system, such as the spinal
chord. Cell lineage in the developing neural tube has been
reviewed in the research literature by Kalyani et al. (Biochem.
Cell Biol. 6:1051, 1998).

Putative multipotent neuroepithelial cells (NEP cells) have

been 1dentified 1n the developing spinal cord. Kalyam et al.
(Dev. Biol. 186:202, 1997) reported NEP cells 1n the rat.

Mujtaba et al. (Dev. Biol. 214:113, 1999) reported NEP cells
in the mouse. Ditferentiation of NEP cells 1s thought to result
in formation of restricted precursor cells having characteristic
surface markers.

Putative neural restricted precursors (NRP) were charac-
terized by Mayer-Proschel et al. (Neuron 19:773, 1997).
These cells express cell-surface PS-NCAM, a polysialylated
1soform of the neural cell adhesion molecule. They reportedly
have the capacity to generate various types ol neurons, but do
not form glial cells.

Putative glial restricted precursors (GRPs) were 1dentified
by Rao et al. (Dev. Biol. 188: 48, 1997). These cells appar-
ently have the capacity to form glial cells but not neurons.

Ling et al. (Exp. Neurol. 149:411, 1998) 1solated progeni-
tor cells from the germinal region of rat fetal mesencephalon.
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The cells were grown 1n EGFE, and plated on poly-lysine
coated plates, whereupon they formed neurons and glia, with
occasional tyrosine hydroxylase positive (dopaminergic)
cells, enhanced by including IL-1, IL-11, LIF, and GDNF 1n
the culture medium.

Wagner et al. (Nature Biotechnol. 17:653, 1999) reported
cells with a ventral mesencephalic dopaminergic phenotype
induced from an immortalized multipotent neural stem cell
line. The cells were transtected with a Nurrl expression vec-
tor, and then cocultured with VM type 1 astrocytes. Over 80%
of the cells obtained were claimed to have a phenotype resem-
bling endogenous dopaminergic neurons.

Mujtaba et al. (supra) reported 1solation of NRP and GRP
cells from mouse embryonic stem (mES) cells. The NRPB
were PS-NCAM immunoreactive, underwent self-renewal in
defined medium, and differentiated into multiple neuronal
phenotypes. They apparently did not form glial cells. The
GRPs were A2B5-immunoreactive, and reportedly differen-
tiated 1nto astrocytes and oligodendrocytes, but not neurons.

SUMMARY OF THE INVENTION

The present invention relates to 1solated multipotent neural
stem cells (1.e., pT4 cells) and to the use of 1solated multipo-
tent neural stem cells in therapeutic applications and as a
research tool. The 1solated multipotent neural stem cells are
identified by the expression of the protein B-tubulin IV (§14)
and Olig2 and the absence of the proteins neural/ghal cell 2
(NG2), proteolipid protein (PLP), and ghal fibrillary acidic
protein (GFAP). The multipotent neural stem cells are also
capable of differentiating into neural cells of more than one
lincage.

Another aspect of the present invention includes a method
of detecting a multipotent neural stem cell from central ner-
vous system (CNS) tissue. CNS tissue 1s harvested from a
human subject and then contacted with at least one antibody
that binds to 3’14, at least one antibody that binds to NG2, at
least one antibody that binds to PLP, and at least one antibody
that binds to Olig2 and/or an antibody that binds to GFAP.
Next, neural stem cells which positively bind the at least one
3T4 antibody and Olig2, and which do not bind the at least
one NG2 antibody, the at least one PLP antibody, and the at
least one GFAP antibody 1s 1dentified.

In a further aspect of the present invention, a method 1s
provided for enriching a population of neural stem cells. A
population of uncultured neural cells containing at least one
neural stem cell that expresses 14 and Olig2 and does not
express NG2, PLP and GFAP, 1s obtained. The cells are then
formed into primary neurospheres by placing them in a neu-
rosphere forming medium. Cells of the neurospheres are then
contacted with reagent that kills actively dividing cells. The
remaining cells are then formed 1nto secondary neurospheres.

Yet another aspect of the present mvention provides a
method for the 1 vitro differentiation of a neural stem cell
into a neural cell. A population of neural stem cells that
express T4 and Olig2 and that do not express NG2, PLP and
GFAP 1s first selected. Then, at least one proliferation-induc-
ing growth factor 1s administered to the cells. The prolifera-
tion-inducing growth factor 1s capable of inducing the prolit-
cration of the population into at least one neural cell, such as
a neuron, astrocyte or oligodendrocyte.

A turther aspect of invention relates to a therapeutic appli-
cation for treating a central nervous system disorder. The
therapeutic application includes admimistering to a subject
having the central nervous system disorder a quantity of mul-
tipotent neural stem cells. The multipotent neural stem cells
are 1dentified by the expression of the protein p-tubulin IV
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(pT4) and Olig2 and the absence of the proteins neural/glial
cell 2 (NG2), proteolipid protein (PLP), and glial fibrillary
acidic protein (GFAP).

Yet another application relates to an assay system for
screening of potential agents (e.g., small molecules, proteins,
peptides, nucleic acids, etc.) effective to modulate the prolit-
eration, differentiation, and/or expression of multipotent neu-
ral stem cells. The assay system can be adapted to 1dentify
agents that are capable of modulating the multipotent neural
stem cell, either 1n vitro or in vivo. In the assay system,
multipotent neural stem cells that express 14 and Olig2 and
do not express NG2, PLP and GFAP, are cultured with an
agent that 1s being tested. The effect of the agent on the
multipotent neural stem cells 1s then determined.

A Turther aspect of the invention relates to a method of
detecting the presence or activity of an agent, which modu-
lates the proliferation, differentiation, and/or expression of
multipotent neural stem cells. In the method, multipotent
neural stem cells that express pT4 and Olig2 and do not
express NG2, PLP and GFAP, are contacted with a sample
that includes an agent suspected of modulating the prolifera-
tion, differentiation, and/or expression of multipotent neural
stem cells. The eflfect of the sample 1s then determined, for
example, by morphology, mRNA expression, and antigen or
protein expression.

Yet a further aspect of the invention relates to a method of
testing the ability of an agent to modulate the proliferation,
differentiation, and/or expression of multipotent neural stem
cells. In the method, multipotent neural stem cells that
express T4 and Olig2 and do not express NG2, PLP and
GFAP, are contacted with an agent under test. The effect of the
agent 1s then determined, for example, by morphology,
mRINA expression, and antigen or protein expression.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other features of the present invention
will become apparent to those skilled in the art to which the
present invention relates upon reading the following descrip-
tion with reference to the accompanying drawings, in which:

FIG. 1 illustrates Tie-2 C-terminal antibodies label oligo-
dendrocytes 1n P10 rat brain sections and mixed glial cultures.
Double-labeling for Tie-2 and oligodendrocyte markers CNP
(A) CC 1 (B) and PLP/DM 20 (C) indicated that oligoden-
drocytes were labeled by Tie-2 C-terminal antibodies. Some
cells had numerous short PLP/DM20-labeled processes (C),
which identified them as premyelinating oligodendrocytes.
Oligodendrocyte progenitor cells labeled for NG2 (D) and
astrocytes labeled for GFAP (E) did not express detectable
Tie-2 stamning. In mixed glial cultures after 5 days 1n culture,
Tie-2 C-terminal immunoreactivity labeled the oligodendro-
cyte cell body and processes (F), which at higher magnifica-
tion (G) had a filamentous appearance characteristic of
cytoskeletal stamning. Tie-2 C-terminal antibodies also
labeled the mitotic spindles of cells 1n these cultures (H),
suggesting that a MT-related structure was stained. All
images are confocal micrographs from z-series projections of
5-10 optical slices. Scale bars=10 um in A-C, G; 25 um 1n
D-F; 5 um in H.

FI1G. 2 1llustrates Tie-2 C-terminal antibodies detect p-tu-
bulin from rat brain. Western blot of P10 rat cerebral lysate (A
lane 1, 30 ug protein/lane) using Tie-2 C-terminal antibodies
identified a minor band at ~140 kDa corresponding to Tie-2
(arrow) and a 55-kD protein (asterisk). Both protein bands
were eliminated by pretreatment with Tie-2 C-terminal pep-
tide (lane 2). P10 brain lysate was immunoprecipitated, sepa-
rated by 2D electrophoresis and Western blotted (B). Tie-2
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4

antibodies detected a spot of ~55 kDA and pl ~5.0 (B, arrow,
top) which was not present aiter immunoprecipitation with
control rabbit IgG (B, bottom). Other spots on the gels rep-
resent rabbit IgG heavy chains used 1n the immunoprecipita-
tion. Tryptic peptides extracted from this spot were
sequenced by LC-tandem mass spectrometry (Table 1) and all
14 mapped 3-tubulins.

FIG. 3 1llustrates B3IV tubulin 1s expressed by oligodendro-
cytes. Confocal microscopy of P10 rat brain identified numer-
ous cells that were 1intensely labeled by pIV tubulin antibod-
ies (A-E). Double labeling indicated these cells were also
positive for the oligodendrocyte marker CNP (A). IV tubu-
lin staining colocalized completely with Tie-2 C-terminal
antibodies (B); minor differences in IV tubulin and Tie-2
staining intensities are likely due to penetration differences
between the antibodies. GFAP (C) and NG2 (D) did not label
BIV positive cells. Staining with pan-p-tubulin antibodies (E)
labeled all neurons and glia, whereas pPIV tubulin was
restricted to oligodendrocytes. When P10 cerebral lysate was
immunoprecipitated with Tie-2 C-terminal antibodies and
Western blotted (F), pIV tubulin antibody detected a 55-kDA
band (lane 1) that was absent when lysates were precipitated
with control rabbit IgG (lane 2) or the blots were processed
without primary antibody (lane 3). Scale bars=10 uM 1n A; 25
um in B-D.

FIG. 4 1llustrates IV tubulin labels the processes and cell
bodies of premyelinating and actively myelinating oligoden-
drocytes. Double labeling of P10 cortex for PIV tubulin (A)
and CD9 (A) demonstrates pIV tubulin staining 1n the pro-
cesses and perinuclear cytoplasm (N, nucleus) of a premyeli-
nating oligodendrocyte. In myelinating oligodendrocytes
(B,C), DIV tubulin staining delineates cytoplasmic processes
(arrowheads) that extend from the oligodendrocyte cell body
to the myelin internodes. The oligodendrocyte Golgi appara-
tus 1s also labeled by PLP antibodies, and appears as a series
of dots scattered throughout the cell body (C, arrows). IV
staining extends in a line along the outer surface of each
myelin internode (D, E), which represents the outer tongue
process. Confocal z-series images of IV labeled MTs (F-K
are mdividual optical sections from the cell in E) demon-
strated that MTs 1n the cell body did not emanate from a
common microtubule organizing structure, such as the cen-
trosome.

FIG. § 1s a schematic diagram showing characteristics of
and relationships between the neural stem cells of the present
invention (1.e., B-tubulin IV, T4, cells), transit amplifying
cells, and commutted oligodendrocyte progenitor cells.

FIGS. 6(A-F) show PIV tubulin antibody-stained oligo-
dendrocytes and a population of undifferentiated cells 1n the
subventricular zone (SVZ). T4 cells are increased 1n the
SVZ of multiple sclerosis (MS) brains. In periventricular
regions ol both control (FIG. 6A) and MS (FIG. 6B) brains
(stamned for myelin), pIV tubulin antibody detects distinct
populations of immature appearing cells (arrows) 1n the SVZ
(control, from box n FIG. 6 A; FIG. 6D, MS from box 1n FIG.
6B). Some subventricular T4 cells have a bipolar morphol-
ogy with oval cell bodies (FIG. 6E, arrows); other non-bipolar
314 cells often have round cell bodies with several fine pro-
cesses. p14 cells tend to appear 1n clusters (FIG. 6F, arrows)

or doublets (FIG. 6F, arrowheads) and appear to be increased
in MS lesions (FIGS. 6D-F), when compared to control (FIG.

6C). Note that the SVZ in MS lesions 1s wider (FIG. 6D) than
the SVZ of control brain (FIG. 6C). Weaker BIV tubulin
staining 1s also found on oligodendrocytes 1n myelinated
white matter (FI1G. 6C, arrowheads).

FIGS. 7(A-C) show confocal micrographs of a periven-

tricular MS lesion labeled with pPIV tubulin (FIGS. 7TA-B),
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glial fibrillary acidic protein (GFAP) (FIG. 7A) and Olig2
(FIG. 7B). pT4 cells 1n the SVZ are different from other adult
precursor cells previously described. They are negative for
GFAP, but often positive for Olig2. fIV tubulin (FIG. 7C) and
Olig2 (FIG. 7C) are also expressed on mature oligodendro-
cytes (FIG. 7C, arrows) in normal appearing white matter
surrounding the lesion.

FIGS. 8(A-H) are H&E-stained micrographs showing the
distribution of T4 cells along the lateral ventricle during
human {fetal brain development. H&E staining shows the
anatomic structure of a 19-week fetal brain section (FI1G. 8A).
The SVZ overlying the caudate nucleus (dark ‘germinal
matrix’) 1s denoted by an asterisk. §'14 staining 1n si1x regions
along the ventricle are shown (FIGS. 8B-G, locations from
red boxes in FIG. 8A). The number of T4 cells varies along
the SVZ. There are numerous cells 1 the medial (FIGS.
8C-E) and ventral (inferior; FIG. 8F) aspects of the lateral
ventricle, but very few 1n the germinal matrix zone (FIGS.
8B-C and Fig. E). rpT4 cells are rare in the superior aspect of
the lateral ventricle (FI1G. 8B). By 17 months of age (FIG. 8H,
frontal horn), 3’14 cells can be detected in the SVZ through-
out the lateral ventricle.

FIGS. 9(A-C) show a confocal micrograph of pT4 cells
stained with polysialyated neural cell adhesion molecule
(PSA-NCAM) antibodies. 14 cells are negative for PSA-
NCAM. In the germinal matrix zone, numerous PSA-
NCAM-positive cells (FIG. 9A) but few pT4 cells (FIG. 9B)
were detected. In other areas, confocal 1imaging of double-
labeled tissue 1indicated that pT4 cells (FIG. 9C) and PSA-
NCAM cells (FIG. 9C), were both present, but distinct cell
populations.

FIGS. 10( A-B) 1llustrate construction of EYFP transgenes
using the T4 promoter. The longest fragment obtained by
PCR upstream from [3,,,, tubulin exon 1 was 5 kb (A), and
used 1 3 constructs (B). The first (B, 1) included exon 1,
intron 1, and part of exon 2, inserted ahead of EYFP and SV40
polyA signal in expression vector pEYFP-N1 (B). In the
second (B, 2), a translational regulatory element was 1nacti-
vated. In the third (B, 3), only the exon 1 S'UTR was used (3),
utilizing the translation start site from the EYFP vector.

FIG. 11(A-C) 1llustrate T4 promoter expression in post-
natal transgenic mice. By confocal microscopy, EYFP was
detected as clusters of small cells adjacent to the ventricle (A)
at PO (homozygous for construct 2 in FIG. 10B). The mor-
phology and distribution of EYFP-expressing cells was simi-
lar to pT4 cells observed by T4 immunostaining (B, wt
mouse). At P15, myelin-forming oligodendrocytes 1n also
expressed EYFP (C).

FIGS. 12(A-D) 1llustrate the 1solation, culture and 1denti-
fication of 314 cells harvested from the lateral and medial
wall of the lateral ventricles from P4 rat brain. Cytosine-[3-
D-arabinofuranoside (Ara-C) treatment of primary neuro-
spheres produced 96% pure (14 cells secondary neuro-
spheres. Our neurosphere assay procedures are described 1n
the flow chart (FIG. 12A). The lateral ventricular walls from
P4 rat are dissected into single cells and placed into neuro-
sphere forming conditions. Primary neurospheres are
attached to coverslips and stained for rpT4 (FIG. 12B) and
DAPI (FIG. 12B). Neurospheres were detected by high den-
sity of nucler (FIG. 12B). 22% of the total primary neuro-
spheres were T4-positive (FI1G. 12B, arrowhead, and FIG.
12D). Primary neurospheres were dissociated, treated with
Ara-C for 4 days and placed 1n neurosphere forming condi-
tions. T4 neurospheres represent 96% of the total secondary

neurospheres (F1G. 12C, and FIG. 12D).
FIGS. 13(A-B) illustrate that few cells 1n T4 neuro-

spheres are BrdU-positive, but the majority are Olig2 posi-
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tive. Following a 6-hour pulse with BrdU (A), only a few T4
cells are BrdU-positive. In contrast, rapidly amplifying cells
surrounding T4 cells are intensely labeled by BrdU (A). The
majority of cells 1n pT4 neurospheres (B) and many cells
produced by T4 neurospheres express the transcription fac-
tor Olig2 (B).

FIGS. 14(A-C) 1llustrate that T4 cells are enriched after

Ara-C treatment. In primary neurospheres grown on cover-
slips for 4 days (A), less than 1% of all cells (DAPI) were

BT4-positive (C). In contrast, when grown for 4 days in Ara-C
(B), over 80% of all cells were [ T4-positive (C).

FIGS. 15(A-C) show confocal micrographs of pT4 neuro-
spheres cultured under different growth conditions. Enriched
3T4 secondary neurospheres give rise to oligodendrocytes,
neurons and astrocytes. Secondary T4 neurospheres were
cultured 1n medium containing EGF 20 ng/ml, FGF 20 ng/ml
and 1% N2 for 4-8 days. Tujl-positive neurons (FIG. 15A),
GFAP-positive astrocytes (FIG. 15B, red) and O4-positive
oligodendrocytes (FIG. 15C) were detected 1n or near most
neurospheres (shown as gray background 1n panel FIG. 15A,
arrows ).

FIGS. 16(A-C) 1llustrate the growth and differentiation of
secondary neurospheres can be modulated by growth factors.
Secondary neurospheres shortly after plating onto coverslips
show no outgrowth of cells (A, DAPI stain) and do not change
after 4 days of culture 1n medium with 1% N2 supplement.
Culture for the same period 1n the presence of N2, EGF (20
ng/ml) and FGF2 (20 ng/ml) results 1in outgrowth and prolii-
eration of cells that are pT4-negative and BrdU-positive (B).
Addition of Shh (1000 ng/ml) causes a marked increase 1n the
number of neurospheres containing oligodendrocytes and
neurons (C). Bar=200 um (A, B); 50 um (C).

FIG. 17 illustrates antibodies to IV tubulin i1dentily a
population of undifferentiated cells within the adult human
subventricular zone (SVZ). In SVZ of both control (A) and
MS (B) brains, pIV tubulin antibody detects immature
appearing cells (arrows). Weaker 31V tubulin staining 1s also
found on oligodendrocytes 1n myelinated white matter (A,
arrowheads). Note that the SVZ 1n MS lesions (B) 1s wider
than the SVZ of control brain (A). Some SVZ 314 cells have
a bipolar morphology with oval cell bodies (C, arrows); other
314 cells have round cell bodies with several fine processes.
314 cells tend to appear 1n clusters (D, arrows) or doublets (D,
arrowheads). Confocal micrographs of a periventricular MS
lesion show that 3’14 cells express the transcription factor
Olig2 (E) and do not express GFAP (F). V=lateral ventricle.
Scale bars: 20 um.

FIG. 18 illustrates T4 cells show a dynamic spatial and
temporal distribution in the developing telencephalon. Hema-
toxylin and eosin stained section of cerebrum surrounding
lateral ventricle at 19 weeks post conception (A). Right 1s
lateral, up 1s superior. The cellular area (* 1n A) 1s the expan-
sion of the SVZ overlying the caudate nucleus that i1s nor-
mally present at this developmental age. Boxes in A 1dentily
the regions shown 1n panels B-D. T4 cells are rare in the
superior aspects of the lateral ventricular wall (* 1n B and C),
but more frequent i1n the inferior aspect (* 1in D). They are
more frequent in the subcallosal and septal walls than the
lateral wall. The number of T4 cells 1n the lateral wall
increases during development. Panels E and G show SVZ
regions corresponding to those shown 1n panels B and C, but
from a brain at 28 wpc. The lateral SVZ 1s highly populated
with [3'T4 cells. The distribution of 14 cells 1s distinct from
cells that label with antibodies to PSA-NCAM (F, H, sections
adjacent to E, G, respectively). At 28 wpc, pT14 cells line all
parts of the lateral ventricle, including the lateral angle (I). At
1’7 month post natal, 3 T4 cells throughout the lateral ventricle
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have a morphology and distribution similar to adults (1). Scale
Bars: (A), 1 mm; (B-D), 50=um; (E-H), 20 um; (1,J), 100 p.m.

FI1G. 19 illustrates sonic hedgehog (SHH) 1s a mitogen for
3'T4 cells. Secondary neurospheres were cultured 1n the pres-
ence of BrdU and either N2 (A), EGF/FGF2/N2 (neurosphere
medium, B), or SHH/N2 (C) for 24 hours. The number of cells

showing BrdU incorporation in the SHH-treated cultures was
more than 7 times greater than that seen in the other media
(D). The majority of the BrdU-positive cells were attached to
the coverslip at the periphery of the plated neurospheres.
When 3'T4-enriched secondary neurospheres were grown for
7 days in N2 (E), EGF/FGF2/N2 (F) or SHH/N2 (G), the

number of O4-positive and Tujl-positive cells varied. Sec-
ondary neurospheres cultured in SHH/N2 had over twice as
many O4-positive oligodendrocytes and Tujl-positive neu-
rons than in either of the other media (H*, p<0.001). There
was no significant difference in the numbers of O4- and
Tujl-positive cells i cultures grown in N2 or EGE/FGF2/N2
(p>0.05) Scale bars: (A-C.E-G), 20 um.

FI1G. 20 illustrates secondary T4 neurospheres differenti-
ate into myelinating oligodendrocytes when transplanted into
myelin deficient (md) rat brains. Secondary neurospheres
were transplanted into the striatum of P3 pups, and brain
sections were stained with antibodies to PLP 17 days later.
Multiple foc1 of PLP-positive myelinating oligodendrocytes

were seen 1n the corpus callosum (A), striatum (B), and cere-
bral cortex (C). Scale bar=20 um.

[l

DETAILED DESCRIPTION

The present invention 1s directed to 1solated and purified
human multipotent neural stem cells, to a method of detect-
ing, enriching, and culturally expanding multipotent neural
stem cells, and to characterization of and uses for such cells.

The multipotent neural stem cell 1s an undifferentiated
neural cell that can be induced to proliferate using the meth-
ods of the present invention. The neural stem cell 1s capable of
self-maintenance, meaning that with each cell division, one
daughter cell will also be a stem cell. The non-stem cell
progeny of a neural stem cell are termed progenitor cells. The
progenitor cells generated from a single multipotent neural
stem cell are capable of differentiating, for example, 1nto
neurons, astrocytes and oligodendrocytes. Hence, the neural
stem cell 15 “multipotent” because its progeny have multiple
differentiative pathways.

Multipotent neural stem cells of the present can be charac-
terized by a particular phenotype, 1.e., a particular protein
expression pattern. More particularly, the multipotent neural
stem cells may be identified by expression of the f-tubulin TV
(pT4) protein and the neural basic helix-loop-helix (bHLH)
transcription factor Oligodendrocyte 2 (Olig2) and the
absence of proteins neural/glial cell 2 (NG2), proteolipid
protein (PLP), and glial fibrillary acidic protein (GEFAP).
Additionally, the multipotent neural stem cells (1.e., pT4
cells) may be characterized by a low rate of cellular division
and resistance to the antimetabolic effects or antimitotic
elfect of antimetabolic agents or antimitotic agents, such as
cytosine-[3-D-arabinofuranoside (Ara-C). The T4 cells may
be located 1n, and 1solated, for example, from a particular
brain region, such as the subventricular zone (SVZ) of the
telencephalon.

The neural tissue from which the 314 cells of the present
invention can be obtained include any animal that has neural
tissue, such as birds, amphibians, mammals and the like. In an
aspect of the invention the source of neural tissue can be from
mammals, such as mice and humans.
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Brain regions of particular interest include any area from
which neural stem cells can be obtained. Areas of the brain
can include the cerebral cortex, hippocampus, cerebellum,
midbrain, brainstem, spinal cord and ventricular tissue. For
example, areas of the brain can include regions 1n the basal
ganglia, preferably the striatum, which consists of the caudate
and putamen, or various cell groups, such as the globus pal-
lidus, the subthalamic nucleus, the nucleus basalis, or the
substantia migra pars compacta. In one example, the neural
tissue 1s obtained from ventricular tissue, such as the subven-
tricular zone (SVZ), that 1s found lining CNS ventricles and
also includes the subependyma. The term “ventricle” refers to
any cavity or passageway within the CNS through which
cerebral spinal fluid flows. Thus, the term not only encom-
passes the lateral, third, and fourth ventricles, but also encom-
passes the central canal, cerebral aqueduct, and other CNS
cavities.

The multipotent neural stem cells of the present invention
may also be dertved from fetal tissue, for example, following
clective abortion, or from a post-natal, juvenile or adult organ
donor. Neural tissue can be obtained by biopsy, or from
patients undergoing neurosurgery in which neural tissue 1s
removed, for example, during epilepsy surgery, temporal
lobectomies and hippocampalectomies.

Another aspect of the invention relates to a method of
detecting a multipotent neural stem cell (i.e., T4 cell) from
CNS tissue. CNS tissue may be harvested from a mammal,
such as a human, and then contacted with at least one anti-
body capable of binding to 3'14; at least one antibody that
binds to NG2; at least one antibody that binds to PLP; and at
least one antibody that binds to GFAP or Olig2. Neural stem
cells which positively bind to the at least one 3’14 antibody
and Olig2 antibody, and which do not bind the at least one
NG2 antibody, the at least one PLP antibody, and the at least
one GFAP antibody, may be 1dentified.

This aspect of the present invention relies upon 1solating a
particular cell type from the CNS tissue. The person skilled in
the art would readily understand that this may be achieved in
various ways. For example, cells from the neural tissue can be
dissected from the SVZ and subsequently processed to 1solate
neural stem cells therefrom. Neural tissue from the SVZ may
also be selectively dissociated and neural stem cells 1solated
or recovered therefrom.

Optionally, neural stem cells may be selectively i1solated
from a CNS tissue preparation that comprises heterogeneous
tissue types. For example, a larger region of brain tissue,
which may contain tissues other than the SVZ cell layer, may
be dissected and neural stem cells selectively 1solated there-
from by, for example, recovering only cells having the phe-
notype of the neural cells of the present invention. As will be
discussed in more detail below, this may be achieved by, for
example, using affinity separation techniques with affinity
reagents having specificity for cell surface markers specific
for neural stem cells.

In an aspect of the invention, neural stem cells (1.e., 3’14
cells) may be dissociated, preferably to single cells, and then
separated. The neural stem cells can be obtained from the
neural tissue and screened for cells exhibiting at least one
characteristic or trait of a neural stem cell. For example, CNS
tissue may be collected from the SVZ of a human or animal
brain. Such a dissection and recovery of tissue 1s easily per-
formed by the skilled artisan in this field by any suitable
routine method. The dissociation step may be performed by
any suitable method, such as an enzymatic and/or mechanical
treatment, and 1s not restricted 1n any way as long as the
desired single cells are obtained as a result thereof. Examples
of such methods include, e.g., trituration, trypsin treatment,




US 8,383,098 B2

9

collagenase treatment and hyaluronidase treatment. By way
of example, the dissociation may be performed by enzymatic
treatment with trypsin. The dissociation of tissue may alter-
natively be performed by any other method easily chosen by
the skilled artisan 1n view of the prevailing conditions. 5

The screening or detecting of the resulting cells, such as
single cells, may be performed by any suitable method
depending on the characteristic, trait or property of the neural
stem cell. For example, the screening or detection may be
performed by use of the expression of a specific cell surface 10
marker, such as a protein. Such expression may include the
expression of 314 and Olig2. Additionally, neural stem cells
may be screened or detected by the expression or, more accu-
rately, the lack thereol, of a particular protein or proteins. For
instance, cells may be screened for the presence of NG2, PLP 15
and GFAP. Thus, neural stem cells of the present invention
may be 1dentified or detected where the screened cells do not
express NG2, PLP and GFAP and, rather, express at least one
3’14 protein.

By way of example, pT4 cells in the SVZ of rat brain were 20
identified using two different antibodies to the C-terminal
portion of Tie 2, the receptor for angiopoetin. The cells were
negative for GFAP and Iba, markers for astrocytes and micro-
glia. SVZ pT4 cells were, however, positive for Olig2, a
b-HLH transcription factor expressed by SVZ cells that can 25
give rise to oligodendrocyte progenitor cells.

314 cells were also 1dentified 1n fetal human brains with
BIV tubulin antibodies. It1s believed that p'T4 cells are related
to the second wave of gliogenesis that occurs during late fetal
and early postnatal periods 1n rodents. Fetal SVZ 314 cells 30
were negative for GFAP, Iba, NG2 and PLP indicating that
they do not express astrocytic, microglial, OPC or oligoden-
drocyte markers. The lack of GFAP also suggests that T4
cells differ from multipotent stem cells identified previously.
In addition to these glial cell markers, fetal human pT4 cells 35
were negative for the immature neuronal marker Tuj-1 (neu-
ron specific class 111 p-tubulin), neuronal nuclel (NeuN) and
polysialyated neural cell adhesion molecule (PSA-NCAM)
PSA-NCAM antibodies stained the majority of cells 1n the
major germinal matrix zone, dissociating PSA-NCAM cells 40
and P14 cells at this location.

A further aspect of the invention relates to a method of
forming a substantially homogenous enriched population of
neural stem cells. In the method, a population of uncultured
cells containing at least one neural stem cell that expresses 45
BT4 and Olig2, and that does not express NG2, PLP and
GFAP 1s obtained from neural tissue. Cells can be obtained
from donor tissue by dissociation of individual cells from the
connecting extracellular matrix of the tissue. For example,
tissue from a particular neural region may be removed from 50
the brain using a sterile procedure, and the cells dissociated
using any method known in the art including treatment with
enzymes such as trypsin, collagenase and the like, or by using
physical methods of dissociation such as with a blunt instru-
ment. In an aspect of the invention, dissociation of fetal cells 55
can be carried out 1n tissue culture medium, while dissocia-
tion of juvenile and adult cells can be carried out in low Ca**
artificial cerebral spinal fluid (aCSF). Dissociated cells may
be centrifuged at low speed, between 200 and 2000 rpm.,
usually between 400 and 800 rpm, and then re-suspended in 60
culture medium. The neural stem cells (1.e., rfT4 cells) can
then be cultured 1n suspension or on a fixed substrate. Cell
suspensions may then be seeded 1n any receptacle capable of
sustaining cells, particularly culture flask, culture plates or
roller bottles, and more particularly in small culture flasks 65
such as 25 cm” culture flasks. Cells cultured in suspension
may then be re-suspended at a desired concentration.

10

The dissociated neural stem cells are then formed into
neurospheres by placing the dissociated cells into any known
culture medium that i1s capable of promoting formation of
neurospheres. Such culture medium can include, for example,
HEM, DMEM, RPMI, F-12, and combinations thereotf. The
culture medium can mclude supplemonts which are required
for cellular metabolism, such as glutamine and other amino
acids, vitamins, minerals and useful proteins, such as trans-
ferrin and the like. The culture medium may also contain
antibiotics to prevent contamination with yeast, bacteria and
fungi such as penicillin, streptomycin, gentamicin and the
like. In some cases, the medium may contain serum derived
from bovine, equine, chicken and the like. However, a
medium for promotion of the formation of neurospheres 1s
typically serum-iree culture, as serum tends to induce ditter-
entiation and contains unknown components (1.€., 1s unde-
fined). A defined culture medium can also be used 11 the cells
are to be used for transplantation purposes. For example, the
culture medium can comprise a mixture of DMEM, F12, and
a defined hormone and salt mixture.

Conditions for culturing can be close to physiological con-
ditions. The pH of the culture medium should be close to
physiological pH, preferably between a pH of about 6 and
about 8, for example, a pH of about 7 to about 7.8, or a pH of
about 7.4. Physiological temperatures can range between
about 30° C. to about 40° C. Cells can be cultured at tempera-
tures between about 32° C. and about 38° C., for example
between about 35° C. and about 37° C.

The culture medium can be supplemented with at least one
neurosphere mducing growth factor and/or compound. As
used herein, the term “growth factor” refers to a protein,
peptide or other molecule or compound having a growth,
proliferative, differentiative, or trophic etfect on neural stem
cells and/or neural stem cell progeny. Examples of growth
factors can include, for example, bone morphogenetic pro-

teins (BMPs), platelet-derived growth factor (PDGF), Sonic
hedgehog (Shh), mmsulin-like growth factor 1 (IGF-1), epider-
mal growth factor (EGF), amphiregulin, acidic fibroblast
growth factor (aFGF or FGF-1), basic fibroblast growth factor
(bFGF or FGF-2), transforming growth factor alpha (TGFa.),
nerve growth factor (NGF), N2 (Invitrogen), thyrotropin
releasing hormone (TRH), transforming growth factor betas
(IT'GEFBs), and combinations thereof. In one aspect of the
growth factors included in the culture medium can include
EGF and FGF.

Growth factors are usually added to the culture medium at
concentrations ranging between about 1 fg/ml to about 1
mg/ml. Concentrations between about 1 ng/ml to about 100
ng/ml are usually sufficient. Stmple titration experiments can
casily be performed to determine the optimal concentration of
a particular growth factor.

Within about 3 to about 4 days in the presence of a growth
factor, multipotent neural stem cells (1.e., pT4 cells) can form
neurospheres. In the continued presence of growth factor,
such as EGF or the like, T4 cells within the neurosphere can
slowly divide resulting in an increase 1n the size of the neu-
rosphere and the number of undifferentiated cells. A portion
(e.g., about less than about 25%) of the neurospheres so
formed are immunoreactive for T4 and Olig2 but not immu-
noreactive for GFAP, NG2 and PLP. Antibodies are available
to 1dentily T4, GFAP, NG2 and PLP.

After about 4 to about 5 days in the absence of a substrate,
the proliferating neurospheres can lift off the floor of the
culture dish and tend to form the free-tfloating clusters char-
acteristic ol neurospheres. Floating neurospheres are
depicted i FIG. 10A and shown 1n FIGS. 10B-C. The pro-

liferating precursor cells of the neurosphere continue to pro-
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liferate 1n suspension. After about 3 to about 10 days 1n vitro,
and more particularly after about 6 to about 7 days 1n vitro, the
proliferating neurospheres can be fed every about 2 to about
7 days, for example, about 2 to about 4 days by gentle cen-
trifugation and resuspended in a complete medium contain-
ing at least one growth factor.

The neurospheres so formed (1.e., primary neurospheres)
can then be purified or enriched by treating them with an
agent that kills actively dividing cells while not substantially
alfecting cells that exhibit slow proliferation, such as the
multipotent neural cell (1.e., pT4 cells) in accordance with the
invention. The agent can 1include, for example, cytosine 3-D-
arabinofuranoside (Ara-C). The Ara-C can be administered to
the neurospheres after dissociation of the cells of the primary
neurospheres for an amount of time effective to the kill the
actively dividing dissociated cells. For example, the Ara-C
can be administered for about 4 days to kill actively dividing
cells.

The remaining dissociated cells are then formed into sec-
ondary neurospheres by placing the remaining dissociated
cultured cells 1n a culture medium that promotes formation of
neurosphere (e.g., DMEM/F12 media supplemented with
EGF, FGF, and N2) and allowed to grow, for example, about
3 to about 4 days. The resulting neurosphere so formed com-
prise an enriched population of neural stem cells. For
example, 96% of the total neurospheres so formed are immu-
noreactive for T4 and Olig2 but not immunoreactive for
GFAP, NG2 and PLP.

If desired, the neurospheres can be passaged to reinitiate
proliferation. After 6-7 days 1n vitro, the culture flasks may be
shaken well and the neurospheres allowed to settle on the
bottom comner of the flask. The neurospheres may then be
transierred to a S0 ml centrifuge tube and centrifuged at low
speed. The medium 1s aspirated, and the neurospheres are
re-suspended 1n a small amount of complete medium. Indi-
vidual cells 1in the neurospheres can be separated by physical
dissociation of the neurospheres with a blunt instrument, for
example, by triturating the neurospheres with a pipette, espe-
cially a fire polished Pasteur pipette, to form a single cell
suspension of neural stem cell progeny. The cells may then be
counted and replated at the desired density to reinitiate pro-
liferation. Single cells from the dissociated neurospheres may
then be suspended 1n complete medium containing growth
factor, and a percentage of these cells proliferate and form
new neurospheres largely composed of undifferentiated cells.
This procedure can be repeated weekly to result 1n a logarith-
mic increase 1n the number of viable cells at each passage.
The procedure, can be continued until the desired number of
neural stem cells 1s obtained.

This ability to enhance the enrich the population of neural
stem cells can be 1invaluable when stem cells are to be har-
vested for later transplantation back into a patient, thereby
making the mitial surgery (1) less traumatic because less
tissue would have to be removed and (2) more efficient
because a greater yield of stem cells per surgery would pro-
liferate 1n vitro.

Additionally, the patient’s stem cells, once enriched 1in
vitro, could also be genetically modified 1n vitro using the
techniques described below. The 1n vitro genetic modification
may be more desirable in certain circumstances than 1 vivo
genetic modification techniques when more control over the
transiection with the genetic material 1s required.

Neural stem cells (1.e., 314 cells) can be cryopreserved
until they are needed by any method known 1n the art. The
cells can be suspended 1n an 1sotonic solution, preferably a
cell culture medium, containing a particular cryopreservant.
Such cryopreservants include dimethyl sulfoxide (DMSQO),
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glycerol and the like. These cryopreservants are used at a
concentration of for example about 5% to about 15%, about
8% to about 10%. Cells are frozen gradually to a temperature
ofabout -10° C. to about -150° C., for example about -20° C.
to about —100° C. or about -70° C. to about —-80° C.

In another aspect of the invention, the number neural stem
cell progeny proliferated 1n vivo from the mammalian CNS
can be potentially increased by 1njecting a growth factor or
combination of growth factors, such as EGF, FGF, Shh, or a
combination thereot, into the ventricles of the donor 1n vivo.
For example, at least one growth factor may be infused into
the lateral or subventricular forebrain region(s) of a person
sulfering from, e.g., MS. Intusion of at least one growth factor
can increase the efficiency and proliferation of the neural
stem cells 1 vivo and thus, 1n the case of a person suflering
from MS, promote differentiation and proliferation of neural
stem cells into oligodendrocytes capable of remyelinating
diseased axons.

In still another aspect, neural stem cells may be harvested
from a particular area of a patient’s brain, e.g., from or near a
lesion 1n a person sutlering from MS. Harvested neural stem
cells may then be propagated and expanded 1n vitro via, for
example, a neurosphere assay. Once the neural stem cells
have obtained a desired concentration, the cells may then be
infused back into the affected area(s) of the patient’s brain.
After delivery to the patient’s brain, the neural cells are then
able to differentiate into other neural cells, 1.e., oligodendro-
cytes, capable of remyelinating the diseased portion(s) of the
patient’s brain.

Another aspect of the invention relates to a method of
differentiating 1solated multipotent neural stem cells 1n vitro
to form a neural cell population. In the differentiation method
in accordance with the invention, a population of neural stem
cells (1.e., pT4 cells) which expresses pT4 and Olig2 and
which does not express NG2, PLP and GFAP, may be selected
initially. Then, at least one proliferation-inducing growth fac-
tor may be administered to the cells. The proliferation-induc-
ing growth factor 1s capable of inducing the proliferation of
the population into at least one neural cell, such as a neuron,
astrocyte or oligodendrocyte.

Differentiation of the neural stem cells can be induced by
any method known 1n the art which activates the cascade of
biological events which lead to growth, which include the
liberation of inositol triphosphate and intracellular Ca**, lib-
eration of diacyl glycerol and the activation of protein kinase
C and other cellular kinases, and the like. Treatment with
phorbol esters, differentiation-inducing growth factors and
other chemical signals can induce differentiation. Differen-
tiation can also be induced by plating the cells on a fixed
substrate such as flasks, plates, or coverslips coated with an
ionically charged surface such as poly-L-lysine and poly-L-
ornithine and the like.

Other substrates may be used to induce differentiation such
as collagen, fibronectin, laminin, matrigel, and the like. Dii-
ferentiation can also be induced by leaving the cells 1n sus-
pension 1n the presence of a proliferation-inducing growth
factor, without reimitiating proliferation (1.e., without disso-
ciating the neurospheres).

One 1illustrative method for inducing differentiation of the
neural stem cell progeny comprises culturing the cells on a
fixed substrate 1n a culture medium. A proliferation-inducing
growth factor can then be administered to the cells. The
proliferation inducing growth factor can cause the cells to
adhere to the substrate (e.g., polyomithine-treated plastic or
glass), flatten, and begin to differentiate into different cell
types. The culture medium can contain serum such as 0.5-
1.0% fetal bovine serum (FBS), but for certain uses, 1f defined
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conditions are required, serum would not be used. Within
about 2 to about 3 days, most or all of the neural stem cell
progeny may begin to lose immunoreactivity for 14 and
begin to express antigens specific for neurons, astrocytes or
oligodendrocytes, as determined by immunocytochemistry
techniques well known 1n the art.

Immunocytochemistry (e.g., dual-label immunofluores-
cence and immunoperoxidase methods) utilizes antibodies
that detect cell proteins to distinguish the cellular character-
1stics or phenotypic properties ol neurons from astrocytes and
oligodendrocytes. In particular, cellular markers for neurons

include NSE, NE, MAP-2; and for glia, GFAP (an identifier of

astrocytes), galactocerebroside (GalC) (a myelin glycolipid
identifier of oligodendrocytes), and the like.

Immunocytochemistry can also be used to detect the
expression of neurotransmitters, or in some cases the expres-
sion of enzymes responsible for neurotransmitter synthesis.
For the 1dentification of neurons, antibodies can be used that
detect the presence of acetylcholine (ACh), dopamine, epi-
nephrine, norepinephrine, histamine, serotonin or S-hydrox-
ytryptamine (35-HT), neuropeptides such as substance P,
adrenocorticotrophic hormone, vasopressin or anti-diuretic
hormone, oxytocin, somatostatin, angiotensin II, neuro-
tensin, and bombesin, hypothalamic releasing hormones such
as TRH and luteinizing releasing hormone, gastrointestinal
peptides such as vasoactive intestinal peptide (VIP) and
cholecystokinin (CCK) and CCK-like peptide, opioid pep-
tides such as endorphins like 3 endorphin and enkephalins
such as met- and leu-enkephalin, prostaglandins, amino acids
such as GABA, glycine, glutamate, cysteine, taurine and
aspartate and dipeptides such as carnosine. Antibodies to
neurotransmitter-synthesizing enzymes can also be used,
such as glutamic acid decarboxylase (GAD) which 1s
involved 1n the synthesis of GABA, choline acetyltransierase
(ChAT) for ACh synthesis, dopa decarboxylase (DDC) for
dopamine, dopamine-f3-hydroxylase (DBH) for norepineph-
rine, and amino acid decarboxylase for 5-H'T. Antibodies to
enzymes that are involved 1n the deactivation of neurotrans-
mitters may also be useful such as acetyl cholinesterase
(AChE) which deactivates ACh. Antibodies to enzymes
involved in the reuptake of neurotransmitters into neuronal
terminals such as monoamine oxidase and catechol-o-methyl
transierase for dopamine, for 5-HT, and GABA transierase
for GABA may also identify neurons. Other markers for
neurons include antibodies to neurotransmitter receptors such
as the AChE nicotinic and muscarinic receptors, adrenergic
receptors o', &, p' and a.,, the dopamine receptor and the
like.

The developmental fate of neural stem cells 1n accordance
with the present invention can also be followed using trans-
genic Cre-loxP technology. Cre recombinase preferentially
catalyzes intramolecular recombination between two adja-
cent loxP sequences. Fate mapping utilizing Cre/LoxP tech-
nology can be achieved by expressing Cre under the control of
a developmentally regulated promoter 1n transgenic animals
or cells that contain a reporter gene whose expression 1s
dependent upon the activity of Cre. The reporter construct 1s
generally composed of 1) a ubiquitously active promoter,
such as beta-actin or ROSA26, 2) a stop sequence thatusually
contains strong polyadenylation signals, a stop codon and 5
spliced donor site all flanked by LoxP sites, and 3) a reporter
gene, such as enhanced green fluorescent protein (EGFP). In
cells/tissues not expressing Cre recombinase, the reporter 1s
not expressed due to the presence of the “stop” sequence.
However, 1n cells/tissues 1n which the developmentally regu-
lated promoter 1s activated, Cre catalyzes the removal of the
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LoxP-tlanked sequence, enabling expression of the reporter
in the cell of origin and all of its progeny.

To control the temporal expression of the reporter, a Cre
fusion protein that 1s activated by binding of a ligand can be
utilized. For example, Cre fused with a mutated ligand bind-
ing domain of the human estrogen receptor results 1n a Cre
protein that 1s activated by tamoxifen but not estradiol.
Tamoxifen binding permits nuclear translocation of Cre
where 1t 1s able to catalyze loxP excision. By this method the
fate of cells at specific time points in development can be
identified and followed. By way of example, a number of
CreER’ transgenic mice have been developed for lineage
tracing ol neuroectodermal cells expressing a number of
developmentally regulated proteins, including glial fibrillary
acidic protein, proteolipid protein, nestin, Mathl, and gli.

In situ hybridization histochemistry can also be performed,
using cDNA or RNA probes specific for the peptide neu-
rotransmitter or the neurotransmitter synthesizing enzyme
mRNAs. These techniques can be combined with immuno-
cytochemical methods to enhance the i1dentification of spe-
cific phenotypes. I necessary, the antibodies and molecular
probes discussed above can be applied to Western and North-
ern blot procedures respectively to aid 1n cell 1dentification.

Type I astrocytes, which are differentiated glial cells that
have a flat, protoplasmic/fibroblast-like morphology, are
preferably identified by their immunoreactivity for GEFAP but
not A2B5. Type Il astrocytes, which are differentiated glial
cells that display a stellate process-bearing morphology, are
preferably identified using immunocytochemistry by their
phenotype GFAP(+), A2B3(+) phenotype.

Cells that do not express intermediate filaments specific for
neurons or for astrocytes begin to express markers specific for
oligodendrocytes 1n a correct temporal fashion. That is, the
cells first become immunoreactive for O4, galactocerebroside
(GalC, a myelin glycolipid) and finally the myelin proteins,
MBP, PLP, MAG, and MOG. These cells also possess a char-
acteristic oligodendrocyte morphology.

This embodiment of the present invention provides a
method of influencing the relative proportion of these difier-
entiated cell types by the addition of exogenous growth fac-
tors during the differentiation stage of the neural stem cells.
By using dual-label immunofluorescence and immunoper-
oxidase methods with various neuronal- and glal-specific
antibodies, the effect of the exogenous growth factors on the
differentiating cells can be determined.

The biological effects of growth and trophic factors are
generally mediated through binding to cell surface receptors.
The receptors for a number of these factors have been 1den-
tified and antibodies and molecular probes for specific recep-
tors are available. Neural stem cells can be analyzed for the
presence ol growth factor receptors at all stages of differen-
tiation. In many cases, the identification of a particular recep-
tor will define the strategy to use in further differentiating the
cells along specific developmental pathways with the addi-
tion of exogenous growth or trophic factors.

Exogenous growth factors can be added alone or 1n various
combinations to cultures contaiming the neural stem cells (i.e.,
314 cells) of the present invention. They can also be added 1n
a temporal sequence (1.¢., exposure to a first growth factor
influences the expression of a second growth factor receptor).
Among the growth factors and other molecules that can be
used to influence the differentiation of the neural stem cells in
vitro are FGF-1, FGF-2, ciliary neurotrophic factor (CNTF),
NGF, BDNF, neurotrophin 3, neurotrophin 4, interleukins,
leukemia inhlibitory factor (LIP), Shh, cyclic adenosine
monophosphate, forskolin, tetanus toxin, high levels of potas-
sium, amphiregulin, TGF-a, TGF-{3, insulin-like growth fac-
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tors, dexamethasone (glucocorticoid hormone), 1sobutyl
3-methylxanthine, somatostatin, growth hormone, retinoic
acid, and PDGPF. These growth factors, along with other fac-
tors, such as transcription factors (e.g., Oligl, Olig2, Mashl,
Nkx2.2 and DIx2), may also find use in the present invention.
In another embodiment of the present invention, neural
stem cells (1.e., pT4 cells) may be genetically modified. The
term “genetic modification” as used herein refers to the stable
or transient alteration of the genotype of a neural stem cell,
neural progenitor cell, or differentiated neural cell by 1nten-
tional introduction of exogenous DNA. DNA may be syn-
thetic, or naturally dertved, and may contain genes, portions
of genes, or other useful DNA sequences. The term “genetic
modification” as used herein 1s not meant to include naturally
occurring alterations such as that which occurs through natu-
ral viral activity, natural genetic recombination, or the like.
Exogenous DNA may be mtroduced to a neural stem cell,
for example, by viral vectors (retrovirus, modified herpes
viral, herpes-viral, adenovirus, adeno-associated virus, len-
tivirus, and the like) or direct DNA transiection (lipofection,
calcium phosphate transtection, DEAE-dextran, electropora-
tion, and the like). The genetically modified cells of the
present invention possess the added advantage of having the
capacity to fully differentiate to produce neurons or macro-
glial cells 1n a reproducible fashion using a number of differ-
entiation protocols. The neural stem cells may be derived
from transgenic animals. There are several methods presently
used for generating transgenic animals. Methods based on
site-specific recombination systems have been described to
obtain randomly integrated single copy transgenes by excis-
ing excess linked copies from the genome (Srivastava and
Ow, 1999 Proc. Natl. Acad. Sci. USA, 96:11117-11121;
Srivastava and Ow, 2001 Plant Mol. Biol. 46:561-366) and to
isert DNA at a known chromosome location 1n the genome
(O’Gorman et al., 1991 Science, 251:1351-55; Baubonis and
Sauer, 1993 Nucl. Acids Res., 21:2025-29). These methods
make use ol site-specific recombination systems that are
freely reversible. These reversible systems include the fol-
lowing: the Cre-lox system from bacteriophage P1 (Baubonis
and Sauer, 1993, supra; Albertetal., 1995 Plant I., 7:649-59),
the FLP-FRT system of Sacchromyces cerevisiae (O Gorman
et al., 1991, supra), the R-RS system of Zygosaccharomyces
rouxii (Onouchi et al., 1995 Mol. Gen. Genet. 247: 653-660),
a modified Gin-gix system from bacteriophage Mu (Maeser
and Kahmann, 1991 Mol. Gen. Genet., 230:170-76), the [3-re-
combinase-six system from a Bacillus subtilis plasmid (Diaz
et al., 1999 J. Biol. Chem. 274: 6634-6640), and the vo-res
system from the bactenial transposon Tnl000 (Schwikardi
and Dorge, 2000 FEBS let. 471: 147-130). Cre, FLP, R, Gin,
B-recombinase and y0 are the recombinases, and lox, FRT,

RS, g1x, six and res the respective recombination sites (re-
viewed by Sadowski, 1993 FASEB 1., 7:750-67; Ow and

Medberry, 1995 Crit. Rev. Plant Sci. 14: 239-261).

The recombination systems above have in common the
property that a single polypeptide recombinase catalyzes the
recombination between two sites of 1dentical or nearly 1den-
tical sequences. Each recombination site consists of a short
asymmetric spacer sequence where strand exchange takes
place, flanked by an inverted repeat where recombinases
bind. The asymmetry of the spacer sequence gives an orien-
tation to the recombination site, and dictates the outcome of a
recombination reaction. Recombination between directly or
indirectly oriented sites 1n c1s excises or inverts the interven-
ing DNA, respectively. Recombination between sites in trans
causes a reciprocal translocation of two linear DNA mol-
ecules, or co-integration 11 at least one of the two molecules 1s
circular. Since the product-sites generated by recombination
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are themselves substrates for subsequent recombination, the
reaction 1s freely reversible. In practice, however, excision 1s
essentially irreversible because the probability of an intramo-
lecular interaction, where the two recombination-sites are
closely linked, 1s much higher than an mtermolecular inter-
action between unlinked sites. The corollary 1s that the DNA
molecule inserted mto a genomic recombination site will
readily excise out.

In contrast to the freely reversible recombination systems,
there are recombination systems that can catalyze irreversible
reactions. In one such system from bacteriophage A, the A
integrase recombines non-similar sequences known as attB
and attP to from attlL and attR, respectively. This reaction
requires DNA supercoiling of the target sites, and accessory
proteins IHF and FIS. The reverse reaction, from attLxattR to
form attB and attP, requires an additional excision-specific
protein known as XIS. Mutant integrase proteins can perform
intramolecular, but not intermolecular, reactions without
these requirements. Using these mutant A integrases, Lorbach
et al. (2000 J. Mol. Biol., 296:11735-81) demonstrated DNA
inversions in recombination targets introduced into the
human genome.

Other techmiques include retroviral-mediated transier, or
gene transier in embryonic stem cells. These techniques and
others are detailed by Hogan et al. in Manipulating the Mouse
Embryo, A Laboratory Manual (Cold Spring Harbor Labora-
tory Ed., 1986). Use of these transgenic animals has certain
advantages including the fact that there 1s no need to transfect
healthy neurospheres. Cells derived from transgenic animals
will exhibit stable gene expression.

A significant challenge for cellular transplantation 1n the
CNS 1s the identification of the donor cells after implantation
within the host. A number of strategies have been employed to
mark donor cells, including tritated labels, fluorescent dyes,
dextrans, and viral vectors carrying reporter genes. However,
these methods sutler from 1nherent problems of toxicity, sta-
bility, or dilution over the long term. The use of neural cells
derived from transgenic animals may provide an improved
means by which identification of transplanted neural cells can
be achieved. A transgenic marking system provides a more
stable and efficient method for cell labeling. In this system,
promoter elements, for example for GFAP and MBP, can
direct the expression of the £. coli p-galactosidase reporter
gene 1n transgenic mice. In these systems, cell-specific
expression of the reporter gene occurs 1n astrocytes (GEFAP-
lacZ) and 1n oligodendrocytes (MBP-a) in a developmen-
tally-regulated manner. The Rosa26 transgenic mice, for
example, 1s one example of a transgenic marking system 1n
which all cells ubiquitously express 3-galactosidase.

In an aspect of the invention, once propagated, the neuro-
sphere cells may be mechanically dissociated 1nto a single
cell suspension and plated on petr1 dishes 1n a medium where
they are allowed to attach overnight. The neural stem cells
may then genetically modified. If the neural stem cells are
generated from transgenic animals, then they may or may not
be subjected to further genetic modification, depending upon
the properties desired of the cells. Any usetful genetic modi-
fication of the cells 1s within the scope of the present mven-
tion. For example, neural stem cells may be modified to
produce or 1ncrease production of a biologically active sub-
stance such as a neurotransmitter or growth factor or the like.
The genetic modification may be performed either by infec-
tion with recombinant retroviruses or transfection using
methods known 1n the art (see Mamiatis et al., in Molecular
Cloning: A Laboratory Manual, Cold Spring Harbor Labo-
ratory, N.Y. (1982)). Briefly, the chimeric gene constructs
will contain viral, for example retroviral long terminal repeat
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(LTR), simian virus 40 (SV40), cytomegalovirus (CMV); or
mammalian cell-specific promoters such as tyrosine
hydroxylase (TH, a marker for dopamine cells), DBH, phe-
nylethanolamine N-methyltransterase (PNMT), ChAT,
GFAP, NSE, the NF proteins (NF-L, NF-M, NF-H, and the
like) that direct the expression of the structural genes encod-
ing the desired protein. In addition, the vectors will include a
drug selection marker, such as the £. coli aminoglycoside
phosphotransierase gene, which when coinfected with the
experimental gene, coniers resistance to geneticin (G418), a
protein synthesis inhibitor.

When the genetic modification 1s for the production of a
biologically active substance, the substance will generally be
one that 1s useful for the treatment of a grven CNS disorder.
For example, it may be desired to genetically modity cells so
they secrete a certain growth factor product. As used herein,
the term “growth factor product” refers to a protein, peptide,
mitogen, or other molecule having a growth, proliferative,
differentiative, or trophic effect. Growth factor products use-
ful 1n the treatment of CNS disorders include, but are not
limited to, Shh, BMPs, NGF, BDNE, the neurotrophins (NT-
3, NT4/NT-5), CNTF, amphiregulin, FGF-1, FGF-2, EGF,
TGFa, TGFps, PDGF, IGFs, and the interleukins.

314 cells can also be modified to express a certain growth
factor receptor (r) including, but not limited to, p75 low
ailinity NGFr, CNTFr, the trk family of neurotrophin recep-
tors (trk, trkB, trkc), EGFr, FGFr, and amphiregulin recep-
tors. Cells can be engineered to produce various neurotrans-
mitters or their receptors such as serotonin, L-dopa,
dopamine, norepinephrine, epinephrine, tachykimin, sub-
stance-P, endorphin, enkephalin, histamine, N-methyl D-as-
partate, glycine, glutamate, GABA, ACh, and the like. Usetul
neurotransmitter-synthesizing genes include TH, DDC,
DBH, PNMT, GAD, tryptophan hydroxylase, ChAT, and his-
tidine decarboxylase. Genes that encode for various neu-
ropeptides, which may prove usetul in the treatment of CNS
disorders, include substances, neuropeptide-Y, enkephalin,
vasopressin, VIP, glucagon, bombesin, CCK, somatostatin,
calcitonin gene-related peptide, and the like.

After successtully transtected/infected cells are selected
they can be cloned using limiting dilution in 96 multi-well
plates and assayed for the presence of the desired biologically
active substance. Clones that express high levels of the
desired substance may be grown and their numbers expanded
in T-flasks. The specific cell line can then be cyropreserved.
Multiple clones of genetically modified precursor cells may
then be obtained.

The genetically modified precursor cells can be implanted
tor cell/gene therapy into the CNS of a recipient in need of the
biologically active molecule produced by the genetically
modified cells. Transplantation techniques are detailed
below.

Alternatively, the genetically modified cells can be sub-
jected to various differentiation protocols in vitro prior to
implantation. For example, genetically modified cells may be
removed from the culture medium which allows proliferation
and differentiated using any of the protocols described above.
The protocol used will depend upon the type of genetically
modified cell desired. Once the cells have differentiated, they
may again be assayed for expression of the desired protein.
Cells having the desired phenotype can be 1solated and
implanted into recipients in need of the protein or biologically
active molecule that 1s expressed by the genetically modified
cell.

In yet another embodiment of the present invention, the
neural stem cells (1.e., B'T4 cells) may be transplanted 1nto
patients suffering from a CNS disorder.
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It 1s well recognized 1n the art that transplantation of tissue
into the CNS offers the potential for treatment of neurode-
generative disorders and CNS damage due to injury. Trans-
plantation of new cells into the damaged CNS has the poten-
tial to repair damaged circuitries and provide
neurotransmitters thereby restoring neurological function.
However, the absence of suitable cells for transplantation
purposes has prevented the full potential of this procedure
from being met. “Suitable” cells are cells that meet the fol-
lowing criteria: (1) can be obtained in large numbers; (2) can
be proliferated in vitro to allow insertion of genetic material,
il necessary; (3) are capable of surviving indefinitely but stop
growing aiter transplantation to the brain; (4) are non-1immu-
nogenic, preferably obtained from a patient’s own tissue; and
(5) are able to form normal neural connections and respond to
neural physiological signals. The multipotent neural stem
cells of the present mvention, which are obtainable from
embryonic or adult CNS tissue, meet all of the desirable
requirements of cells suitable for neural transplantation pur-
poses and are a particularly suitable cell line as the cells have
not been immortalized and are not of tumorigenic origin.

The neural stem cells and/or their progeny can be admin-
istered to any amimal with abnormal neurological or neuro-
degenerative symptoms obtained in any manner, imcluding
those obtained as a result of mechanical, chemical, or elec-
trolytic lesions, as a result of experimental aspiration of neu-
ral areas, or as a result of aging processes.

Neural stem cells may be harvested from a person suffering
from a CNS disease and then expanded 1n culture as described
above. Alternatively, the present invention allows the use of
neural stem cells prepared from donor tissue which 1s xeno-
genelc to the host. Since the CNS 15 a somewhat immuno-
privileged site, the immune response 1s significantly less to
xenografts, than elsewhere in the body. Additionally, since
neural stem cells typically do not exhibit, or exhibit very little,
major histocompatibility complex (MHC) gene expression,
immunoreactivity to xenogenic neural stem cells may be sig-
nificantly dimimished. In general, however, 1n order for
xenografts to be successiul 1t 1s preferred that some method of
reducing or eliminating the immune response to the
implanted tissue be employed. Thus, recipients will often be
immunosuppressed, etther through the use of 1immunosup-
pressive drugs such as cyclosporin, or through local immu-
nosuppression strategies employing locally applied immuno-
suppressants.

As an alternative to employing immunosuppression tech-
niques, methods of gene replacement or knockout using
homologous recombination 1 embryonic stem cells, and
extended to gene replacement or knockout in cell lines, can be
applied to precursor cells for the ablation of major histocom-
patibility complex (MHC) genes. Neural stem cells or neural
progenitor cells lacking MHC expression would allow for the
grafting of enriched neural cell populations across allogeneic,
and perhaps even xenogeneic, histocompatibility barriers
without the need to immunosuppress the recipient. Alterna-
tively, the immunogenicity of the graft may be reduced by
preparing neural stem cells from a transgenic animal that has
altered or deleted MHC antigens.

Upon suitable expansion of cell numbers, the neural stem
cells may be harvested, genetically modified if necessary, and
readied for direct mnjection into the recipient’s CNS. Neural
stem cells, when adminmistered to the particular neural region,
preferably form a neural grait which forms normal neuronal
or synaptic connections with neighboring neurons. Addition-
ally, the implanted cells may maintain contact with other
transplanted or existing glial cells which may 1n turn form
myelin sheaths around the neurons” axons, and provide a
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trophic influence for the neurons. As these transplanted cells
form connections, they re-establish the neuronal networks
which have been damaged due to disease and aging.

Survival of the grait in the living host can be examined
using various non-invasive scans such as computerized axial
tomography (CAT scan or CT scan), nuclear magnetic reso-
nance or magnetic resonance 1maging (NMR or MRI) or
more preferably positron emission tomography (PET) scans.

Functional integration of the graft into the host’s neural
tissue can be assessed by examining the efiectiveness of
graits on restoring various functions, including but not lim-
ited to tests for endocrine, motor, cognitive and sensory func-
tions. Motor tests which can be used include those which
quantitate rotational movement away from the degenerated
side of the brain, and those which quantitate slowness of
movement, balance, coordination, akinesia or lack of move-
ment, rgidity and tremors. Cognitive tests include various
tests of ability to perform everyday tasks, as well as various
memory tests, including maze performance.

Neural stem cell progeny can also be produced and trans-
planted using the above procedures to treat demyelination
diseases. Human demyelinating diseases for which the cells
of the present invention may provide treatment imclude dis-
seminated pertvenous encephalomyelitis, MS (Charcot and
Marburg types), neuromyelitis optica, concentric sclerosis,
acute, disseminated encephalomyelitides, post encephalomy-
clitis, postvaccinal encephalomyelitis, acute hemorrhagic
leukoencephalopathy, progressive multifocal leukoencepha-
lopathy, 1diopathic polyneuritis, diphtheric neuropathy, Pel-
1zacus-Merzbacher disease, neuromyelitis optica, diffuse
cerebral sclerosis, central pontine myelinosis, spongiform
leukodystrophy, and leukodystrophy (Alexander type).

Areas of demyelination 1n humans 1s generally associated
with plaque like structures. Plaques can be visualized by
magnetic resonance 1maging, and accessible plaques may be
the target area for injection of neural stem cells and/or their
progeny. Standard stereotactic neurosurgical methods may be
used to 1nject neural stem cell suspensions both into the brain
and spinal cord. Generally, the cells can be obtained from any
ol the sources discussed above.

For example, oligodendrocyte progenitor cells derived
from the neural stem cells of the present mvention may be
proliferated and differentiated 1n vitro and may then be
injected mmto demyelinated target areas in the recipient.
Appropriate amounts ol type I astrocytes may also be
injected. Type I astrocytes are known to secrete PDGF which
promotes both migration and cell division of oligodendro-
cytes.

In an aspect of the mvention, the treatment of demyelina-
tion disease can use undifferentiated neural stem cell prog-
eny. Neurospheres grown in the presence of a proliferation-
inducing growth factor can be dissociated to obtain individual
precursor cells which are then placed 1n 1njection medium and
injected directly into the demyelinated target region. The cells
then differentiate 1n vivo.

The mjection of neural stem cells (1.e., pT4 cells) 1n remy-
clination therapy provides, amongst other types of cells, a
source of 1mmature oligodendrocytes and OPCs. This 1s a
significant feature because oligodendrocytes are capable of
remyelinating axons in patients with MS.

The injection of neural stem cells (1.e., $14 cells) 1s also
significant 1n remyelination therapy because the neural stem
cells may be able to differentiate 1nto type I astrocytes at the
implant site. This 1s a significant feature because immature, as
opposed to mature, type I astrocytes are known to migrate
away from the implant site when implanted into a mature
recipient, and become associated with blood vessels 1n the
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recipient’s CNS. This 1s at least partially due to the fact that
immature astrocytes are intrinsically more motile than mature
astrocytes. Type I astrocytes differentiating at or near the stem
cell implant site should have maximal motility and thereby
optimize the opportunity for oligodendrocyte growth and
division at sites distant from the implant. The localization of
the astrocytes near blood vessels 1s also significant from a
therapeutic standpoint since (at least in MS) most plaques
have a close anatomical relationship with one or more veins.

Any suitable method for the implantation of neural stem
cells near the demyelinated targets may be used so that the
cells can become associated with the demyelinated axons.
Glial cells are motile and are known to migrate to, along, and
across their neuronal targets thereby allowing the spacing of
injections. Remyelination by the injection of stem cells 1s a
uselul therapeutic 1n a wide range of demyelinating condi-
tions. It should also be borne 1n mind that in some circum-
stances remyelination may not result 1n permanent remyeli-
nation, and repeated mjections will be required.

In one embodiment of the present mnvention, neural stem
cells (1.e., pT4 cells) can be induced to proliferate and differ-
entiate 1 vivo by administering to the host any growth
factor(s) or pharmaceutical composition(s) capable of induc-
ing proliferation and differentiation of the cells. These growth
factors include any growth factor known 1n the art, including
the growth factors described above for 1n vitro proliferation
and differentiation. Pharmaceutical compositions include
any substance that blocks the inhibitory intluence and/or
stimulates neural stem cells and stem cell progeny to prolif-
crate and ultimately differentiate. Thus, the techniques
described above to proliferate, differentiate, and genetically
modily neural stem cells 1n vitro can be adapted to 1n vivo
techniques to achieve similar results. Such 1n vivo manipula-
tion and modification of these cells allows cells lost, due to
injury or disease, to be endogenously replaced, thus obviating
the need for transplanting foreign cells 1into a patient. Addi-
tionally, the cells can be modified or genetically engineered in
vivo so that they express various biological agents useful in
the treatment of neurological disorders.

Administration of growth factors can be done by any
method, including injection cannula, transfection of cells
with growth hormone-expressing vectors, injection, timed-
release apparati which can administer substances at the
desired site, and the like. Pharmaceutical compositions can be
administered by any method, including injection cannula,
injection, oral administration, timed-release apparati and the
like. The neural stem cells can be induced to proliferate and
differentiate 1n vivo by imnduction with particular growth fac-
tors or pharmaceutical compositions which will induce their
proliferation and differentiation. Therefore, this latter method
circumvents the problems associated with transplantation and
immune reactions to foreign cells.

Growth factors can be administered 1n any manner known
in the art 1n which the factors may either pass through or
by-pass the blood-brain barrier. Methods for allowing factors
to pass through the blood-brain barrier include minimizing
the s1ze of the factor, or providing hydrophobic factors which
may pass through more easily.

The fact that neural stem cells are located 1n the tissues
lining ventricles of mature brains offers several advantages
for the modification and mampulation of these cells 1n vivo
and the ultimate treatment of various neurological diseases,
disorders, and injury that affect different regions of the CNS.
Therapy for these diseases can be tailored accordingly so that
stem cells surrounding ventricles near the atfected region are
mampulated or modified in vivo using the methods described
herein. The ventricular system 1s found in nearly all brain
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regions and thus allows easier access to the affected areas. IT
one wants to modily the neural stem cells 1n vivo by exposing
them to a composition comprising a growth factor or a viral
vector, 1t 1s relatively easy to implant a device that administers
the composition to the ventricle and, thus, to the neural stem
cells. For example, a cannula attached to an osmotic pump
may be used to deliver the composition. Alternatively, the
composition may be injected directly into the ventricles. The
neural stem cells and/or their progeny can then migrate 1nto
regions that have been damaged as a result of injury or dis-
case. Furthermore, the close proximity of the ventricles to
many brain regions would allow for the diffusion of a secreted
neurological agent by the stem cells or their progeny.

For the treatment of MS and other demyelinating or hypo-
myelinating disorders, and for the treatment of ALS or other
motor neuron diseases, growth factors or other neurological
agents may be delivered to the central canal.

In addition to treating CNS tissue immediately surround-
ing a ventricle, a viral vector, DNA, growth factor, or other
neurological agent can be easily administered to the lumbar
cistern for circulation throughout the CNS. Other ways of
passing the blood-brain barrier include 1n vivo transfection of
neural stem cells and stem cell progeny with expression vec-
tors containing genes that code for growth factors, so that the
cells themselves produce the factor. Any useful genetic modi-
fication of the cells 1s within the scope of the present mven-
tion. For example, 1n addition to genetic modification of the
cells to express growth factors, the cells may be modified to
express other types of neurological agents such as neurotrans-
mitters. Preferably, the genetic modification 1s performed
cither by infection of the cells lining ventricular regions with
recombinant retroviruses or transiection using methods
known 1n the art including CaPO,, transfection, DEAE-dext-
ran transiection, polybrene transiection, by protoplast fusion,
clectroporation, lipofection, and the like. Any method of
genetic modification, now known or later developed can be
used. With direct DNA transfection, cells could be modified
by particle bombardment, receptor mediated delivery, and
cationic liposomes. When chimeric gene constructs are used,
they generally will contain viral, for example retroviral long
terminal repeat (L6TR), stmian virus 40 (SV40), cytomega-
lovirus (CMV); or mammalian cell-specific promoters such
as those for TH, DBH, phenyletlhanolamine N-methyltrans-
terase, ChAT, GFAP, NSE, the NF proteins (NF-L, NF-M,
NF-H, and the like) that direct the expression of the structural
genes encoding the desired protein.

If a retroviral construct 1s to be used to genetically endog-
enous neural stem cells, then 1t 1s preferable to induce the
proliferation of these cells using the methods described
herein. For example, an osmotic infusion pump could be used
to deliver growth factors to the central canal several days prior
to infection with the retrovirus. This assures that there will be
actively dividing neural stem cells which are susceptible to
infection with the retrovirus.

When the genetic modification 1s for the production of a
biologically active substance, the substance will generally be
one that 1s useful for the treatment of a grven CNS disorder.
For example, 1t may be desired to genetically modity cells so
they secrete a certain growth factor product. Growth factor
products useful 1n the treatment of CNS disorders are listed
above. Cells can also be modified 1n vivo to express growth
factor receptors, neurotransmitters or their receptors, neu-
rotransmitter-synthesizing genes, neuropeptides, and the
like, as discussed above.

Any expression vector known 1n the art can be used to
express the growth factor, as long as 1t has a promoter, which
1s active 1n the cell, and appropriate termination and polyade-
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nylation signals. These expression vectors mclude recombi-
nant vaccima virus vectors including pSCII, or vectors
derived various viruses such as from Simian Virus 40 (SV40,
1.e., pSV2-dhir, pSV2neo, pko-neo, pSV2gpt, pSVT7 and
pBABY), from Rous Sarcoma Virus (RSV, 1.e., pPRSVneo),
from mouse mammary tumor virus (MMTYV, 1.e., pMSG),
from adenovirus (pMT12), from herpes simplex virus (HSV,
1.e., pTK2 and pHyg), from bovine papillomavirus (BPV, 1.e.,
pdBPV and pBV-1MTHA), from Epstein-Barr Virus (EBV,
1.e., p205 and pHEBo) or any other eukaryotic expression
vector known 1n the art.

In another embodiment of the present invention, neural
stem cells cultured 1n vitro can be used for the screening of
potential neurologically therapeutic compositions. These
compositions can be applied to cells in culture at varying
dosages, and the response of the cells monitored for various
time periods. Physical characteristics of the cells can be ana-
lyzed by observing cell and neurite growth with microscopy.
The induction of expression of new or increased levels of
proteins such as enzymes, receptors and other cell surface
molecules, or of neurotransmitters, amino acids, neuropep-
tides and biogenic amines can be analyzed with any technique
known 1n the art which can identify the alteration of the level
of such molecules. These techniques include 1immunohis-
tochemistry using antibodies against such molecules, or bio-
chemical analysis. Such biochemical analysis includes pro-
tein assays, enzymatic assays, receptor binding assays,
enzyme-linked immunosorbant assays (ELISA), electro-
phoretic analysis, analysis with high performance liquid
chromatography (HPLC), Western blots, and radioimmune
assays (RIA). Nucleic acid analysis such as Northern blots
can be used to examine the levels of mRNA coding for these
molecules, or for enzymes which synthesize these molecules.

Alternatively, cells treated with these pharmaceutical com-
positions can be transplanted into an animal, and their sur-
vival, ability to form neuronal connections, and biochemical
and immunological characteristics examined as previously
described.

Another embodiment of the present invention includes the
use of neural stem cells (1.e., T4 cells) as CNS models. For
the preparation of CNS models, neural stem cells and/or stem
cell progeny may be proliferated using the methods described
above. Upon removal of a proliferation-inducing growth fac-
tor, proliferation of multipotent neural stem cells ceases. The
neurospheres can be differentiated using the methods
described above, for example by adhering the neurospheres to
a substrate such as poly-ornithine-treated plastic or glass
where the precursor cells begin to differentiate into neurons
and glial cells. Thus, the proliferation-inducing growth factor
acts as an extrinsic signaling molecule that can be added or
removed at will to control the extent of proliferation.

When the proliferation-inducing growth factor 1s removed,
the growth-factor responsive stem cell progeny can be co-
cultured on a feeder layer. Many types of feeder layers may be
used, such as fibroblasts, neurons, astrocytes, oligodendro-
cytes, tumor cell lines, genetically altered cell lines or any
cells or substrate with bioactive properties. The feeder layer
generally produces a broader range of phenotypes. In this
instance, the feeder layer acts as a substrate and source of both
membrane bound and soluble factors that induce and alter the
differentiation of the stem cell-generated progeny.

The neural stem cells and/or their progeny can also be used
in methods of determining the effect of a biological agent or
agents thereon. The term “biological agent” refers to any
agent, such as a virus, protein, peptide, amino acid, lipid,
carbohydrate, nucleic acid, nucleotide, drug, pro-drug or
other substance that may have an effect on neural cells
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whether such effect 1s harmful, beneficial, or otherwise. Bio-
logical agents that are beneficial to neural cells are referred to
herein as “neurological agents”, a term which encompasses
any biologically or pharmaceutically active substance that
may prove potentially useful for the proliferation, differen-
tiation, lineage commitment, or functioning of CNS cells or
treatment of neurological disease or disorder. For example,
the term may encompass certain neurotransmitters, neu-
rotransmitter receptors, growth factors, growth factor recep-
tors, and the like, as well as enzymes used 1n the synthesis of

these agents. Examples of biological agents include growth
factors such as Shh, FGF-1, FGF-2, EGF and EGF-like

ligands, TGFa, IGF-1, NGF, PDGF, and TGFs; trophic fac-
tors such as BDNF, CNTE, and ghal-derived neurotrophic
tactor (GDNF); regulators of intracellular pathways associ-
ated with growth factor activity such as phorbol 12-myristate
13-acetate, staurosporine, CGP-41251, tyrphostin, and the
like; hormones such as activin and TRH; various proteins and
polypeptides such as interleukins, the Bcl-2 gene product,
bone morphogenic protein (BMP 2), macrophage intlamma-
tory proteins; oligonucleotides such as antisense strands
directed, for example, against transcripts for EGF receptors,
FGF receptors, and the like; heparin-like molecules such as
heparan sulfate; and a variety of other molecules that have an
elfect on neural stem cells or stem cell progeny including
amphiregulin, retinoic acid, tumor necrosis factor alpha, and
other chemicals or small molecules.

The ability of various biological agents to increase,
decrease or modily 1n some other way the number and nature
of the neural stem cells or stem cell progeny proliferated 1n
the presence of a proliferative factor can be screened on cells
proliferated by various methods, such as those described
above. Using a neurosphere assay 1dentical to or similar to the
one described above, for example, 1t 1s possible to screen for
biological agents that increase the proliferative ability of neu-
ral stem cells which would be useful for generating large
numbers of cells for transplantation purposes. It 1s also pos-
sible to screen for biological agents, which inhibit neural stem
cell or progenitor cell proliferation and/or differentiation.

Changes in proliferation may be observed by an increase or
decrease 1n the number of neurospheres that form and/or an
increase or decrease 1n the size of the neurospheres (which 1s
a reflection of the rate of proliferation—determined by the
numbers of precursor cells per neurosphere). Thus, the term
“regulatory factor” 1s used herein to refer to a biological
factor that has a regulatory effect on the proliferation of stem
cells and/or precursor cells. For example, a biological factor
would be considered a “regulatory factor” 1f it increases or
decreases the number of stem cells that proliferate in vitro 1n
response to a proliferation-inducing growth factor. Alterna-
tively, the number of neural stem cells that respond to prolit-
eration-inducing factors may remain the same, but addition of
the regulatory factor affects the rate at which the stem cell and
stem cell progeny proliferate. A proliferative factor may act as
a regulatory factor when used 1n combination with another
proliferative factor.

Other examples of regulatory factors include heparan sul-
tate, TGFps, activin, BMP-2, CNTF, retinoic acid, TNFa,
MIP-1a, MIP-1§3, MIP-2, NGF, PDGF, interleukins, and the
Bcl-2 gene product. Antisense molecules that bind to tran-
scripts of proliferative factors and the transcripts for their
receptors also regulate stem cell proliferation. Other factors
having a regulatory effect on stem cell proliferation include
those that iterfere with the activation of the c-fos pathway,
including phorbol 12 myristate 13-acetate (PMA; Sigma),
which up-regulates the c-fos pathway and staurosporine (Re-
search Biochemical International) and CGP-41251 (Ciba-
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Geigy), which down regulate c-fos expression and factors,
such as tyrphostin and the like, which suppress tyrosine

kinase activation.

Using these screening methods, 1t 1s possible to screen for
potential drug side-eflects on neural stem cells by testing for
the effects of the biological agents on cell and progenitor cell
proliferation, and on progenitor cell differentiation or the
survival and function of differentiated CNS cells. If 1t 1s
desired to test the effect of the biological agent on a particular
differentiated cell type or a given make-up of cells, the ratio of
desired cell types obtained after differentiation can be
mampulated by separating the different types of cells by, for
example, the use of antibodies known to bind and thus select
for a particular cell type.

The effects of the biological agents are identified on the
basis of significant differences relative to control cultures
with respect to criteria such as the ratios of expressed pheno-
types, cell viability and alterations 1n gene expression. Physi-
cal characteristics of the cells can be analyzed by observing
cell and neurite morphology and growth with microscopy.
The induction of expression of new or increased levels of
proteins such as enzymes, receptors and other cell surface
molecules, or of neurotransmitters, amino acids, neuropep-
tides and biogenic amines can be analyzed with any technique
known 1n the art which can identify the alteration of the level
of such molecules.

The factors mvolved 1n the proliferation of stem cells and
the proliferation, differentiation and survival of stem cell
progeny, and/or their responses to biological agents can be
1solated by constructing cDNA libraries from stem cells or
stem cell progeny at different stages of their development
using techniques known 1n the art. The libraries from cells at
one developmental stage are compared with those of cells at
different stages of development to determine the sequence of
gene expression during development and to reveal the effects
of various biological agents or to reveal new biological agents
that alter gene expression in CNS cells. When the libraries are
prepared from dysfunctional tissue, genetic factors may be
identified that play a role in the cause of dysfunction by
comparing the libraries from the dystunctional tissue with
those from normal tissue. This information can be used in the
design of therapies to treat the disorders. Additionally, probes
can be 1dentified for use 1n the diagnosis of various genetic
disorders or for use 1n 1dentifying neural cells at a particular
stage 1n development.

The present invention 1s Turther illustrated by the following,
examples, which are not intended to be limiting.

EXAMPLES

Example 1

3 Tubulin 1s Selectively Expressed by
Oligodendrocytes 1n the Central Nervous System

Materials and Methods

Two different polyclonal rabbit antisera against the Tie-2
C-terminal were used for immunostaining and Western blots
(sc-324, Santa Cruz Biotech, Santa Cruz, Calif.; Tie21-A,
Alpha Diagnostic, San Antonio, Tex.). Both were produced
independently against a peptide corresponding to the mouse
Tie-2 C-termunal 20 amino acids (TTLYEKFIYAGIDC-
SAEEAA) (SEQ ID NO: 1); this peptide 1s 1dentical 1n rats
and humans. An additional antibody against the N-terminal of
Tie-2 (Tie22-A, Alpha Diagnostic) was also used.

Several antibodies were used to 1dentity oligodendrocytes.
Monoclonal mouse antibodies directed against CNP (SMI-
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91, Sternberger Monoclonal, Lutherville, Md.), CC1 (Onco-
gene Research Products, Boston, Mass.), and CD9 (RPM.7,
Pharmingen, San Diego, Calif.) were used; CC1 and CD9
antibodies both recognize membrane proteins selectively
enriched in oligodendrocytes. Rat monoclonal antibodies
against PLP (kindly provided by Dr. Macklin, Cleveland
Clinic Foundation) and CD9 (KMC.8, Pharmingen) were
also employed. MBP was detected using either a rabbit poly-
clonal serum (DAKO, Carpenteria, Calif.) or mouse mono-
clonal (SMI94, Sternberger Monoclonais). NG2 proteogly-
can, a marker for OPCs, was detected using monoclonal
mouse antibodies (Chemicon, Temecula, Calif.) or rabbit
polyclonal antisera (Chemicon). Ghal fibrillary acidic protein
(GFAP) was detected using mouse monoclonal antibodies
(Roche, Indianapolis, Ind.) or rabbit polyclonal antiserum
(DAKO, Carpenteria, Calit.). Monoclonal mouse anti-f3,,,
tubulin and pan-g-tubulin antibodies were obtained from
Sigma-Aldrich (St Louis, Mo.).

Tissue Preparation, Immunostaining, and Confocal Micros-

cCopy
Sprague-Dawley (SD)rats aged 3-90 days (P3-PD90) were

deeply anesthetized with ketamine (100 mg/kg) and xylazine
(10 mg/kg), and perfused through the heart with 4%
paraformaldehyde (PFA) 1n 0.08 M Sorensen’s phosphate
butfer. The brains were removed, post-fixed overmght at 4°
C., and cryoprotected 1n 30% sucrose. The tissue was rapidly
frozen, and 30-um sections were cut on a freezing sliding
microtome. Sections were immunostained by pretreating
with 10% Triton X-1001n blocking solution and incubating in
primary antibodies at 4° C. overnight or for up to 5 days as
required to produce optimal staining. For brightfield micros-
copy, tissues were incubated 1n biotinylated secondary anti-
body (Vector Laboratories, Burlingame, Calif.), followed by
avidin-peroxidase treatment (ABC reagent, Vector) used
according to the manufacturer’s instructions. Staining was
developed using diaminobenzidine (DAB; Sigma) and
enhanced with osmium tetroxide treatment.

For fluorescence and confocal microscopy, sections were
double labeled as previously described. After the blocking
step, sections were imncubated at 4° 1n primary antibody com-
binations overnight or for =5 days as required for optimal
staining. Secondary antibodies (Vector or Jackson Immu-
noResearch Laboratories, Bar Harbor, Me.), conjugated
directly or via biotin-avidin cross-bridges to fluorescein or
Texas Red, were used to visualize target molecules. Sections
were mounted 1n Vectashield mountant (Vector).

Fluorescently labeled tissues were examined using a con-
tocal laser-scanning microscope (Leica TCS-NT, Heidelberg,
Germany ) equipped with a 63x1.4 NA lens. Z-series of opti-
cal sections were reconstructed using Scion Image solftware
(Scion Corporation, Frederick, Md.) and prepared using Pho-
toshop 7 (Adobe Systems, San Jose, Calif.).

Cell Culture and Immunocytochemaistry

Primary mixed glial cell cultures were prepared from
2-day-old SD rat pups. Rat pups were decapitated and the
meninges removed. The cortices were then dissociated by
incubation 1 0.06% trypsin, 0.0006% pancreatin with sub-
sequent triturition. Cells were plated at 10° cells/60-mm poly-
L-lysine-coated dishes in Dulbecco’s modified Eagle’s
medium (DMEM; Invitrogen, Carlsbad, Calif.) supple-
mented with 10% fetal bovine serum (FBS). After 18 h, the
cultures were mcubated in DMEM with N2 supplement (In-
vitrogen), 10 ng/ml human recombinant PDGF-AA (R&D
System, Minneapolis, Minn.) and 10 ng/ml basic fibrinogen
growth factor (bFGF) from bovine pituitary gland (Sigma)
and incubated for 2 days. Cultures were then transterred to
DMEM with 50 ng/ml 3,3'5-truodo-L-thyronine (13;
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Sigma) and 10 ng/ml rat recombinant ciliary neurotrophic
factor (Sigma) for 3 days to allow OPCs to differentiate. Cells
were then fixed with 4% PFA, permeabilized with 0.1% Tri-
ton X-100 and incubated with primary and secondary anti-
bodies as described above.
Immunoprecipitation

Postnatal 10-day-old (P10) SD rats were killed, and the
brains were rapidly removed. Tissue samples were homog-
enized in TENT butfer (20 mM Tris pH 8.0, 1 mM EDTA, 50
mM NaCl, 1% Triton X-100, 1 mM phenylmethyl sulfonyl
fluoride [PMSF] 1 ug/ml aprotinin, and 1 ug/ml leupeptin).
Samples were centrifuged at 15,000 rpm for 30 min at 4° C.,
and supernatants were collected for immunoprecipitation and
Western blot analysis. For immunoprecipitation, the superna-
tants (1.5 mg/ml) were preadsorbed with protein
G-Sepharose (Amersham Pharmacia Biotech, Piscataway,
N.J.) and then centrifuged at 16,000 g. The samples were then
mixed with 2 ug/ml Tie-2 antibodies (sc-324 or Tie21-A) or
control rabbit IgG (Vector) and incubated overnight at 4° C.
They were incubated 1n 10 ng/ml protein G-Sepharose 2 h at
4° C., and the antigen-antibody-Sepharose complex was pel-
leted at 16,000 g. They were washed five times in TENT
buifer and used for immunoblotting or mass spectrometry
analysis.
Western Blotting

Rat brain supernatants or immunoprecipitated samples
were solubilized in Laemmli loading buffer and 30 pug
samples separated on 10% sodium dodecyl sulfate-polyacry-
lamide gels (SDS-PAGE). Proteins were transferred to PVDF
membrane, and the membranes were blocked with 5% mile 1n
Tris-butiered saline containing 1% Triton X-100 (TBS-T).
They were incubated with Tie-2 antibodies diluted in TBS-T,
and secondary peroxidase-conjugated anti-rabbit antibody
(Amersham Pharmacia). They were developed using an
enhanced chemiluminescence (ECL kit (Pierce, Rockford,
I11.). Some samples immunoprecipitated with Tie-2 antibod-
1ies were electrophoresed and immunoblotted using pIV tubu-
lin antibodies.
Two-Dimensional Electrophoresis and Mass Spectrometry

The immunoprecipitated samples were resuspended 1n
solubilization bufier (7 M urea, 2 M thiourea, 4% w/v
CHAPS, 5 mM dithreitol [DTT]. For separation on 2D gels,
samples were run 1n the first dimension on immobilized pH
gradient strips (Bio-Rad, Hercules, Calit.), followed by SDS-
PAGE. The gels were stained with Coomassie blue, and target
protein spot identified, carefully excised from the gel, and
destained. The sample was reduced with dithiothreitol, alky-
lated with 10doacetamide, and then trypsinized to digest the
protein. The resulting peptides were recovered by extraction
and sequenced by LC-tandem mass spectrometry, using a
Finnigan LCQ-Deca 1on trap mass spectrometry. The data
from the sequencing experiment were analyzed by searching
the NCBI non-redundant database with the Sequest search
program. All matching spectra were verified by manual inter-
pretation.
Results
Tie-2 C-Terminal Antibodies Stain Rate Oligodendrocytes

Immunohistochemistry using Tie-2 C-terminal antibodies
(sc324,Tie21-A) on sections from developing rat brains
revealed staining from postnatal day 4 (P4) and onward. Tie-2
C-terminal immunoreactivity was detectable 1n cells of the
corpus callosum at P4 and was most intense around the corpus
callosum 1n brains at P8-P10. Confocal imaging demon-

strated Tie-2 C-terminal immunoreactivity on cells positive
for oligodendrocyte markers including CNP (FIG. 1A), CCl1
(F1G. 1B), MBP (FI1G. 1C), CD9, and PLP. Tie-2-associated

Fluoroescence was present in the cell body and the processes
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of these cells, and often extended to myelin internodes (FIG.
1A). Tie-2-associated labeling was observed in premyelinat-
ing oligodendrocytes (FI1G. 1C), which are characterized by
their short, MBP-positive processes. Neither OPCs (FIG. 1D)
nor astrocytes (FIG. 1E) expressed detectable Tie-2 staining.
N-terminal specific antibodies for Tie-2 did not stain oligo-
dendrocytes. In both DAB-stained sections and by immunoi-
luorescence, sc324 and Tie21-A antibodies labeled a similar
population cells. These results demonstrate that the Tie-2
C-terminal antibodies label oligodendrocytes 1n vivo.

In cell culture experiments, differentiating oligodendro-
cytes expressed intense Tie-2 staining with the C-terminal
antibodies (FIG. 1F). OPCs were 1dentified on the basis of
their morphology and were not labeled. At higher magnifica-
tion (FIG. 1G), the sc324/Tie21-A antibodies appeared to
label filamentous structures 1n the oligodendrocyte cyto-
plasm. Filamentous staining was surprising as Tie-2 1s a trans-
membrane protein and was expected on the cell surface,
which was not observed. The Tie-2 C-terminal antibodies
also reacted with the mitotic spindle apparatus of cells divid-
ing 1n these cultures (FI1G. 1H). Thus, while Tie-2 C-terminal
antibodies sc324 and Tie21-A label recently differentiated
oligodendrocytes, they appear to label microtubules.

Tie-2 C-Terminal Antibodies React with p-Tubulin

To elucidate properties of the molecule(s) labeled by Tie-2
C-terminal antibodies, Western blot experiments were per-
formed using cortical samples from P10 brain (FIG. 2A).
Only faint immunoreactivity corresponding to the 140-kD
tull-length Tie-2 protein was observed. In contrast, both Tie-2
C-termuinal antibodies displayed strong immunoreactivity for
another protein band of 55 kD (FIG. 2A). Both 140- and

55-kDa bands were eliminated by preincubation of the pri-
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mary antibody with the Tie-2 C-terminal 20-amino acid pep-
tide, indicating that a common epitope in both Tie-2 and the
55-kD peptides was recognized. This 33-kDa peptide may
have represented a Tie-2 degradation product or an unrelated
protein.

To 1dentity the 35-kDa peptide, immunoprecipitates of
brain lysate were separated by 2D electrophoresis and immu-
noblotted using Tie-2 C-terminal antibodies (FIG. 2B). In the
55-kDaregion, several peptides were detected, including IgG
heavy chains contributed by the rabbit immunoglobulin used
in precipitation and detection. By comparing Tie-2 and
immunoprecipitates using control rabbit IgG (FIG. 2B) a
single spot was resolved at 55 kD with a pl of ~5 that was not
present when immunoprecipitation was performed with con-
trol rabbit IgG (FIG. 2B, bottom). When the 55-kDa/pl 5
protein spot was recovered from the 2D gel and tryptically
digested, 14 peptides were detected and sequenced (Table 1).
These peptides included 109 amino acids from tubulin beta-
15 (NCB Accession No. 135451) and covered 24% of that
sequence. The oxidized methionines that were observed are a
common artifact seen 1n the sequencing of gel-purified pro-
teins. These peptides matched regions of rat [3-tubulin iso-
types. Several peptides had sequences common to multiple
B3-tubulin 1sotypes (peptides 1, 2, 4-7, 9-11). Peptides 3, 8 and
14 all contained sequences unique to rat class II p-tubulin
(Accession No. A25113). Peptide 9 1s unique to class IV
(NP__954525.1), while peptide 12 1s only found 1n class I
B-tubulin (AAH47993.1). Peptide 13 (NSSYFVEWIPD-
NVK) (SEQ ID NO: 14) contains a D—N substitution that
was not found 1n any rat, mouse, or human p-tubulin sequence
currently listed and may represent a stain-specific polymor-
phism.

TABLE 1

Peptide sedquences Determined by LC-Tandem Mass Spectrometry

Meagured

Peptide Molecular M + H', Peptide Sequence by CAD“

No. Weight Da (calc MW, M + H', Da)

1 1029.1 +2 TAVCDIPPER (1028 .5) (SEQ ID NO: 2)

2 1039.4 +2 YLTVAAVEFR (10239.6) (SEQ ID NO: 23)

3 10532.6 +2 YLTVAAIFR (1053.6) (SEQ ID NO: 4)

4 1131.0 +2 FPGOLNADLR (1120.6) (SEQ ID NO: 5)

5 1160.0 +2 LAVNMoVPFPR (1159.6) (SEQ ID NO: 6)

6 1245 .8 +2 ISEQFTAMoFR (1245.6) (SEQ ID NO: 7)

7 1288 .2 +2 KLAVMMoVPFPR (1287.7) (SEQ ID NO: 8)

8 1384 .3 +2 IMONTFSVMoPSPK (1382.7) (SEQ ID NO: 9)

O 1l6.17.8 +2 AVLVDLEPGTMoDSVR (1617.8) (SEQ ID NO: 10)
10 1637 .4 +2 LHFFMoPGFAPLTSR (1636.8) (SEQ ID NO: 11)
11 1648.1 +2 AILVDLEPGTMooDSVR (1647 .8) (SEQ ID NO: 12)
12 1660.4 +2 ALTVPELTQQOVFDAK (1659.9) (SEQ ID NO: 13)
123 1698 .3 +2 NSSYFVEWIPDNVK (1697.8) (SEQ ID NO: 14)
14 1723.9 +2 ALTVPELTOQOMoFDSK (1723.9) (SEQ ID NO: 15)

Mo, methionines sulfoxide:
Moo methionines sulfone.

“Cne-letter amino acid codes are used.
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One nterpretation of these results 1s that Tie-2 antibodies
recognized multiple 3-tubulins. The terminal amino acids in
Tie-2 (AEEAA) resembles those of classes 1, II, and IV
3-tubulins, and may Provide a basis for antibody cross reac-
tivity. This explanation, however, seems inconsistent with the
oligodendrocyte-specific immunostaining, as all these 1so-
types are expressed 1n neurons. An alternative explanation 1s
that Tie-2 C-terminal antibodies primarily recognize an oli-
godendrocyte-enriched {3-tubulin 1sotype or unique tubulin
conformation, and that immunoprecipitation pulls down MT
fragments containing this and other co-assembled tubulins.
Immunoprecipitated a-tubulins migrate to a different loca-
tion on the D2 gel and would not be included in the mass
spectrometry analysis.

3 - Tubulin 1s Selectively Enriched 1in Oligodendrocytes and
Reacts with Tie-2 C-Terminal Antibodies

B-tubulin occurs 1n all cells and several 1sotypes are
expressed 1n the rodent CNS. The oligodendrocyte-specific
staining pattern obtained with the Tie-2 C-terminal antibod-
1es, however, suggests that the antibody predominantly stains
an oligodendrocyte-enriched 1sotype of p-tubulin. Since {31
and (II 1sotypes are present 1n multiple CNS cell types and
BIII 1s a neuron-specific, these are unlikely candidates for
Tie-2-based staining. In contrast, pIV tubulin expression has
been described 1n a subset of non-neural cells 1n rat postnatal
cerebellum and studies suggest that PIV mRNA 1s enriched 1in
oligodendrocytes.

Immunohistochemical staining of rat brains for IV tubu-
lin produced a similar age-dependent labeling pattern to Tie-2
C-terminal antibodies. In sections from P35 rats, the most
prominent labeled cells were small oligodendrocyte-like cells
in the corpus callosum and adjacent cortex. At P15, numbers
of IV tubulin-positive cells 1n the corpus callosum and cor-
tex were significantly increased and most extended multiple
BIV tubulin-positive processes. In adults (1.e., older than
P’70), oligodendrocytes were not prominently labeled by IV
tubulin antibodies.

To confirm that IV tubulin was enriched 1n oligodendro-
cytes, P10 coronal brain sections were double labeled with
antibodies against BIV tubulin and cell-specific markers. PLP
(FIG. 3A), CNP and MBP labeled the pIV tubulin-expressing
cells, indicating that oligodendrocytes were labeled. Double
labeling with Tie-2 C-terminal and BIV tubulin antibodies
demonstrated colocalization of stained cells 1n P10 cerebrum
(FIG. 3B). GFAP-positive astrocytes did not express detect-
able [3,,-tubulin (FI1G. 3C), nor did NG2-labeled OPCs (FIG.
3D). Pan-[-tubulin antibodies produced a generalized stain-
ing pattern in which all cells were labeled, not just the oligo-
dendrocytes (FIG. 3E). Immunoprecipitation with Tie-2
C-terminal antibodies and immunoblotting with IV tubulin
antibodies revealed a 55-kDA band (FIG. 3F).

Within the oligodendrocyte lineage, IV tubulin was not
detected 1n OPCs (FIG. 3D), and was only detected after
differentiation into premyelinating oligodendrocytes (FIG.
4A). IV tubulin was not most abundant in the proximal
processes of premyelinating cells (FIG. 4A). Staining was
also detected 1n apoptotic oligodendrocytes (not shown). In
myelinating oligodendrocytes, IV tubulin was enriched in
the cell bodies and extended into the distal processes that
could be traced to the developing myelin internodes (FI1G. 4B,
C). A line of IV staining also ran along the external surface
of the compact myelin internode, parallel to the axon (FIG.
4D, arrows), corresponding to the oligodendrocyte outer
tongue process.

By {following individual oligodendrocyte cell bodies
through confocal z-series (FIG. 4E-K), 1t was possible to
observe the arrangements of cytoplasmic microtubules at
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many levels of the cell. Seven oligodendrocytes were ana-
lyzed 1n this way. From these views, the stained microtubules
did not appeal anchored to a single MTOC. Consistent with
this finding, the Golg1 apparatus (labeled by PLP antibodies
in FI1G. 4C) appeared as numerous dots of staining that were
scattered throughout the perinuclear cytoplasm. Because the
Golgi apparatus binds to MT minus ends, this indicates that
MT minus ends are dispersed within the cytoplasm, rather
than concentrated at a single MTOC.

Discussion

This report demonstrates that IV tubulin 1s enriched 1n
oligodendrocytes during the premyelinating stage and 1nitial
myelination. Although antibodies directed against the Tie-2
C-terminal intensely labeled the same oligodendrocytes, the
cytoskeletal pattern of staining and data from Western blots,
immunoprecipitation, 2D electrophoresis and mass spec-
trometry all indicate that the Tie-2 C-terminal antibodies are
detecting IV tubulin demonstrates that the oligodendrocyte
MT network 1s not centrosomally orientated. pIV tubulin
therefore provides a valuable cytoskeletal marker for early
stage of oligodendrocyte development. Whether pIV tubulin
imparts a function that 1s essential to oligodendrocyte myeli-
nation remains to be determined.

Seven [3-tubulin genes, (1, I1, 111, IVa, Ivb, V, and VI) exist
in vertebrates and encode highly homologous proteins that
co-assemble into MT's 1n vivo. Substantial differences 1n the
C-terminals and single amino acid substitutions elsewhere
differentiate each 1sotype. These differences contribute to
1sotype-specific posttranslational modification patterns and
influence MT 1nteractions with other molecules, such as M'T-
associated proteins (MAPs). In this study, we demonstrate
that P, tubulin 1s expressed by oligodendrocytes and
assembled into MTs, and this 1s consistent with an earlier
report that 3 ,-tubulin mRNA 1s upregulated in remyelinating
oligodendrocytes. Two IV tubulin genes, designated [3,,.
and {3 ,, exist in mammals. The protein products are nearly
identical: the C-terminals differ by only one amino acid, and
there are six amino acid substitutions (1n mice) scattered
clsewhere throughout the 445-amino acid polypeptide. None
of the cryptic peptides generated for mass spectrometry 1n
this study specified whether 31Va or fIvb tubulins was immu-
noprecipitated by Tie-2 antisera, and [3,,- tubulin antibodies
recognize both 1sotypes. However, the predominant 3 ,;-tubu-
lin mRNA in postnatal oligodendrocytes was ~2.3 kb
(Schaeren-Wiemers et al., 1993), which corresponds 1n size
to CNS-specific P, mRNA 1n mice and humans (Accession
NM_ 006087.2, NM_ 009451.3; full-length rat [IVa
sequence 1s not available). The [3,,, sequence 1s only ~1.6 kb
(BC060597.1). Thus, during myelination, 3I1Va 1s likely to be
the predominant [3,,-1sotype expressed by oligodendrocytes.

Cell-specific patterns of tubulin 1sotype expression have
been recognized for many years. In oligodendrocytes, 3,
tubulin expression s specific for myelination, as {3 4-tubulin 1s
not expressed by OPCs. Enrichment for [3,,, tubulin 1s often
associated with stable or highly specialized MT networks,
such as those of cilia, retinal rod cells, and neuritis. In oligo-
dendrocytes, increased expression of [3,- tubulin coincides
with rapid cytoplasmic process outgrowth to establish myelin
internodes, which necessarily mvolves MT stabilization to
produce longer and more numerous M Ts. Different [3-tubulin
1sotypes co-assemble into MT's 1n vivo, which indicates that
the [3-tubulins are functionally mnterchangeable 1n their ability
to form MTs. Cell use of particular 1sotypes may therefore
reflect the evolutionary history of that cell rather than major
functional differences between [3-tubulin 1sotypes. Each [3-tu-
bulin class 1s highly conserved, however, suggesting that
preservation ol their structural differences 1s functionally
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important. Isotype-specific C-terminals interact differentially
with some MAP, and isotype-related differences in MAP-

promoted MT assembly have been reported. Oligodendro-
cytes upregulate MAP-1B, MAP-2¢c, MAP-2¢ (also called
MAP2+13), MAP-4, and the four-repeat tau 1soforms during
myelination. Enrichment for PIV tubulin and these MAPs
may promote formation of an MT network with stability and
transport characteristics necessary for myelination.

The oligodendrocyte MT network undergoes substantial
changes in organization during differentiation, expanding
hundreds of micrometers to support transport into oligoden-
drocyte processes that reach and myelinate as many as 50
axons. Expansion and reorganization of the MT network 1s
essential for myelination as targeting of both major myelin
proteins 1s MT-dependent; PLP/DM-20 1s transported in
vesicles from the trans-Golgi network, while myelin basic
protein mRNAs are transported 1n granules along MTs. MTs
also mediate transport and organization of mitochondria,
endoplasmic reticulum, and endosomes throughout the oli-
godendrocyte-myelin unmit. Using BIV tubulin to selectively
label the oligodendrocyte MT network, we were able to docu-
ment the absence of a centrosomal MTOC 1n vivo. Previous in
vitro studies showed that the centrosomal MTOC 1s lost as
oligodendrocytes differentiate from OPCs. As in myelinating
Schwann cells, perinuclear dispersion of MT minus ends
decentralizes the Golgi apparatus and other minus-end asso-
ciated organelles, as was observed in this study (FIG. 4D) and
described by others. Release of MT minus ends from the
centrosome 1s also necessary to produce free microtubules
that can be transported into the distal cytoplasmic processes
and outer tongue process. In Schwann cells, such changes 1n
MT organization are regulated by the axon. In oligodendro-
cytes, development of a non-centrosomal MT network and
upregulation of BIV tubulin expression occur 1 cultures
without neurons.

Identifying oligodendrocytes that are in the premyelinating,
or early myelinating stages of differentiation 1s also important
for studies of remyelination. IV tubulin 1s expressed during
carly stages of myelination in rats, mice and human and 1n
remyelinating oligodendrocytes 1n multiple sclerosis lesions.
MAP2e and quaking proteins QKI5-7 have also been used to
label cells undergoing oligodendrogenesis in multiple scle-
rosis brain; however, available MAP2¢ reagents label only
human cells. BIV tubulin has been detected in oligodendro-
glioma cells, as 1s MAP 2e. Understanding the functional
implications of [3,;- tubulin enrichment during oligodendro-
genesis will require further study. Nevertheless, in the same
way that p,, tubulin has been an invaluable cell-specific
cytoskeletal marker for neurons, even though the functional
significance 1s not fully understood, PIV staining is also a
valuable marker for oligodendrocytes.

Example 2
3T4 Cells Express Olig2 in the Human SVZ

BT4 cells in MS human brain were identified using two
different antibodies to the C-terminal portion of Tie 2, the
receptor for angiopoetin. A series of Western blot, immuno-
precipitation and mass spectrometry experiments established
that the major antigen recognized by these C-terminal Tie 2
antibodies was the IV 1sotype of tubulin. When MS brain
was examined, IV tubulin antibodies stained oligodendro-
cytes and a population of unditferentiated cells in the SVZ
(FIG. 6). These pT4 cells were detected 1n SVZs bordering
MS lesions (FIGS. 6D-F), and appeared to be increased com-
pared to adjacent myelinated regions of MS brains. In both
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control (FIG. 6C) and MS brains, 314 cells often occur 1n
doublets or clusters (FIG. 6E and FIG. 6F). Many extend short

processes and some have bipolar shapes. In adult brain, oli-

godendrocyte cell bodies were weakly stained by 31V tubulin
antibodies (FIG. 6C, arrowheads). SVZ cells were then phe-
notyped. They were neither NG2- nor PLP-positive indicat-
ing they were not oligodendrocyte progenitor cells (OPCs) or
oligodendrocytes. They were negative for GEAP (FIG. 7A)
and Iba, markers for astrocytes and microglia. SVZ 314 cells
were, however, positive for Olig2 (FIG. 7B), a b-HLH tran-
scription factor expressed by SVZ cells that can give rise to
oligodendrocyte progenitor cells. Oligodendrocytes were

also Olig2-positive (FIG. 7C).

Example 3

Distribution of 3’14 Cells in Developing Human
Brain

We hypothesized that 11 pT4 cells were related to oligoden-
drocyte progenitor production, they should be abundant 1n
human fetal brain. We stained sections from human fetal
brains with PIV tubulin antibodies. In sections from a
19-week post-conception fetus (FIGS. 8A-G), T4 cells were
abundant. The number of pT4 cells varied along the SVZ
(FIGS. 8B-G). Surprisingly, the germinal matrix zone that
borders the caudate nucleus at this age (FIG. 8 A—dark blue
band) contained very few 314 positive cells. Medial to this
zone, and on the other side of the ventricle, pT4 cells were
abundant (FIG. 8C and FIG. 8E) and were found at higher
density in more ventral regions (FIG. 8G). The distribution
and density of T4 cells during human fetal brain develop-
ment appear to change dramatically as the fetal brain devel-
ops.

It 1s believed that 3’14 cells are related to the second wave
of gliogenesis that occurs during late fetal and early postnatal
periods 1n rodents. Fetal SVZ T4 cells were negative for
GFAP, Iba, NG2 and PLP indicating that they do not express
astrocytic, microglial, OPC or oligodendrocyte markers. The
lack of GFAP also suggests that 314 cells differ from multi-
potent stem cells 1dentified previously. In addition to these
glial cell markers, fetal human pT4 cells were negative for the
immature neuronal marker Tuj-1 (neuron specific class 111
3-tubulin), neuronal nuclel (NeulN) and polysialyated neural
cell adhesion molecule (PSA-NCAM) (FI1G. 9). PSA-NCAM
antibodies stained the majority of cells in the major germinal
matrix zone, dissociating PSA-NCAM cells and 314 cells at
this location (FIG. 9A and FIG. 9B). In other regions of the
SVZ, pT4 and PSA-NCAM cells were both present, and 1n
distinct cell populations (FIG. 9C).

Example 4
Fate Mapping 314 Cell Progeny

Fate mapping the progeny of pT4-expressing cells 1n vivo
can be performed use Cre/loxP technology to selectively acti-
vate an EGFP transgene 1n these cells. The first step in this
process 1s to generate mice in which the pT4 promoter drives
a fusion protein of Cre recombinase and estrogen receptor
(Cre-ER*?). Two [3,,- tubulin genes exist in mammals, $IVa
and IVb. The predominant {3,,- tubulin mRNA 1n postnatal
oligodendrocytes 1s 3IVa. The mouse gene 1s named Tubb4
and 1s located on chromosome 17. We identified several BACs
spanmng this region. The longest fragment obtained by PCR
was 5 kb upstream of exon 1 (FIG. 10A). We used this

sequence to generate three promoter constructs to drive
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enhanced yellow fluorescent protein (EYFP) expression 1n
transgenic mice. Construct 1 utilized the 5 kb upstream region

(FIG. 10B) plus wild type sequences encoding 31Va tubulin
exon 1, intron 1, and three codons of exon2, cloned ahead of
the EYFP coding region into the pEYFP-N1 vector. Construct
2 was 1dentical to Construct 1 except that the codons 2 and 3
were mutated (Arg2Leu, Glu3Gln). This was done because
the wild type sequence has a self-regulatory efifect that can
prematurely halt translation and promote mRINA degradation
(FIG. 10B-2). In Construct 3, the non-coding sequence of
exon 1 was included followed by a start codon and the EYFP
sequence (FIG. 10B-3). Mice were generated at the Univer-
sity of Cincinnati Transgenic Facility, and tail DNA screening
identified several lines carrying each transgene. By tluores-
cence microscopy of newborn mice, EYFP fluorescence was
detected 1n 1/5 lines with construct 1, 3/3 lines with construct
2 and 0/5 lines with construct 3. EYFP-expressing cells were
clustered 1n the SVZ of the lateral ventricle and had the same
distrib-ution and morphology as {314 cells observed by
immunostaining (compare FIGS. 11A and B). At later ages,
myelin-forming oligodendrocytes express 314 and these
cells were EYFP positive (FIG. 11C).

These data indicate the 5 kb pT4 promoter that we have
cloned faithfully reproduces the cell staining patterns
observed with T4 immunostaining. Because construct 2
yielded detectable expression in 3/3 lines tested, we con-
cluded that the modifications to the regulatory element had a
beneficial effect on expression from this promoter, and this
construct 2 will be used for generation of 314-Cre-ERT?2
mice. Once BT4-creERT2 44 transgenic mice are generated,
they will be crossed to Z/EG double reporter mice that
express EGEFP following Cre-mediated recombination. These
mice were provided by Dr Brain Popko47 of the University of
Chicago and are currently housed 1n our animal facility. These
mice can be utilized 1n our characterization of 314 cells.

Example 5

B3T4 Cells 1n Developing Rodent Brain
Establishment of a Neurosphere Assay System

We have generated preliminary data on T4 cell distribu-
tion during rodent brain development at E14-15 and postnatal
day 4. We developed 1n vitro methods to study and enrich for
B3T4 cells. We harvested the lateral and medial wall of the
lateral ventricles from P4 rat brain. As shown schematically in
FIG. 12A, the tissue was dissociated into single cells and
placed in neurosphere assay medium. Four days later, we
attached the neurospheres to coverslips and stained for [3'14.
Approximately 20% of the primary neurospheres were
enriched in pT4-positive cells (FIGS. 12B and D). As
described above for human tissue sections, T4 cells 1 pri-
mary neurospheres from neonatal rat SVZ do not express
astrocytic, microglial, OPC, oligodendrocyte or neuronal
markers (data not shown). T4 cell-positive neurospheres
were positive for Olig2 (FIG. 13B), a marker of precursors
that give rise to oligodendrocytes and neurons. One major
clue as to the possible role of pT4 cells 1n the SVZ came from
BrdU labeling studies of primary neurospheres. In multiple
experiments, only a few pT4 cells were BrdU-positive by a 20
hr BrdU pulse (FIG. 13A). Since one characteristic of multi-
potent stem cells 1s slow proliferation, this observation raised
the possibility that 3’14 cells were multipotent CNS stem
cells. In an attempt to purity or enrich for pT4 cells, we
treated P4 neurospheres (on coverslips) with cytosine-[3-D-
arabinofuranoside (Ara-C; for 4 days), which kills actively
dividing cells. We dissociated the remaining cells and placed
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them in neurosphere-forming conditions for 4 days, plated the
resulting neurospheres on coverslips and stained them for 3 ;-

tubulin. Ninety-six percent of the secondary neurospheres
made from Ara-C-resistant primary neurospheres were pT4-
positive (FIGS. 12C and D) and >83% of the cells 1n these
secondary neurospheres were [’ 14-positive.

Dissociated primary neurosphere cells after 4 days of
Ara-C treatment were >83% [’ T4-positive (FIG. 10C), indi-
cating a significant enrichment from primary neurospheres
without Ara-C treatment (<1% of total cells were [3'T4-posi-
tive; compare FIGS. 14A and B). This progression of 1n vitro
experiments has established an assay for investigating the
behavior of a highly enriched population of T4 cells 1n vitro.

The next question we asked 1s whether secondary, 314-
enriched neurospheres could produce mature CNS cells. We
allowed them to grow in neurosphere medium for 7 days and
then fixed them and stained for markers of oligodendrocytes
(04), astrocytes (GFAP) and neurons (Tull). All three cell
types were detected 1n the cultures (FIG. 158). Astrocytes did
appear to be the dominant cell type made, which was not
surprising since these neurospheres were grown 1n a medium
(EGF and FGF2) conducive to astrocyte differentiation. The
secondary neurosphere assay provides an 1deal setting for
such studies. We have established baseline criteria for these
assays and demonstrate feasibility of this approach. At the
time ol plating pT4 neurospheres are round and contain
tightly packed 3’14 cells (FIG. 16 A). When grown 1n standard
neurosphere medium (N2, EGFE, FGF), induces a rapid expan-
sion of secondary neurospheres identified by BrdU labeling
and their migration away from the 314 cell core (FIG. 16B).

When 314 neurospheres are grown 1n N2 medium without
growth factor supplement, they do not expand and retain the
same appearance 4 days later (FIG. 16C). With this assay, we
will determine whether growth factors or secreted products
from activated immune cells affect 3’14 neurosphere behav-
ior. Using standard neurosphere medium and N2 only
medium as positive and negative controls for cell growth, we
tested the effects of two concentrations of sonic hedgehog on
oligodendrocyte and neuron production. In the presence of
FGF and EGF, the addition of Shh at 1000 ng/ml dramatically
increased neuronal and oligodendrocyte production. Table 2
shows the influence of different additives on the percent of
neurospheres containing Tull-positive neurons, O4-positive
oligodendrocytes, or both.

TABLE 2
Medium Tull 04 Tull + O4
N2 — — —
N2, EGFE, FGF 28% 58% 19%

N2, EGF, FGF + Shh 500 ng/ml
N2, EGF, FGF + Shh 100 ng/ml

39%
7%

51%
100%

26%
97%

This pilot experiment shows that the phenotype of cells
produced by 3’14 neurospheres can be modulated by growth
factors.

Example 6

Location of pT4 Cells 1n Developing Rodent Brain
and Their Ability to Produce Neurospheres

The purpose of this experiment is to investigate the role of
B3T4 cells during rat brain development. Rat tissue 1s used
because we can enrich for and study pT4 cells using a com-
bination of neurosphere and tissue culture techniques. Glio-
genesis occurs i two general waves 1n the telencephalon of
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the developing rodent brain. An early wave of progenitor cells
1s generated 1n the medial ganglionic eminence (MGE) at
E13-13, and these cells migrate to select regions of the telen-
cephalon. These progenitor cells express PDGFRa, NG2, and
mRNA encoding PLP/DM20 and they can be followed in
tissue slices 1n transgenic mice expressing EGEFP behind the
PLP/DM20 promoter. These MGE-derived progenitor cells
produce telencephalic GABAergic interneurons and then oli-
godendrocytes. The cell or cells that produce this wave of
progenitors are unknown. A second wave of telencephalic
progenitor cells originate from the SVZ of the lateral ven-
tricles during late fetal and early postnatal brain development.
These progenitor cells express NG2, PDGFRa, DIx2 and
Mashl.

We hypothesize that the developmental appearance of 14
cells correlates with the second wave of gliogenesis that
occurs 1n late fetal and early postnatal rat brains. To test this
hypothesis, the immunocytochemical distribution of pT4
cells durning fetal and early postnatal development 1s {first
determined and, then, the requirement for 314 cell detection
for the generation ol neurospheres 1n vitro 1s determined.
Cells are dissociated from E10-11 telencephalon (when pro-
jection neurons are generated), E13-14 medial ganglionic
eminence (first wave of ghal progenitors) and P4, P21, and
P60 lateral ventricle (late wave and mature brain). T4 cells
are present 1n P4 and P60 lateral ventricle SVZ and when both
regions are dissociated, they produce [3T4 cell neurospheres.
The 1n vitro studies follow the paradigm shown in FIG. 9A.
Cells are removed from appropriate areas, enzymatically and
mechanically dissociated, placed in neurosphere-forming
media for four days, plated on coverslips, and the percentage
ol neurospheres containing [3T4 cells determined by 1mmu-
nocytochemistry. Parallel primary neurospheres on cover-
slips are treated for four days with Ara-C, dissociated into
single cells, placed 1n neurosphere-forming culture for four
days, plated on coverslips and then stained with tubulin IV
antibodies. The total number of secondary neurospheres and
what percentage 1s 314 cell-enriched 1s then determined.

The possibility that T4 cells are multipotential CNS stem
cells 1s supported by the enrichment of 3’14 cells 1n secondary
neurospheres following Ara-C treatment. A universal charac-
teristic of multipotential stem cells 1s their slow rate of divi-
sion. Our preliminary data supports the possibility that the
non-P14 neurospheres, which represented 78% of primary
neurospheres produced from P4 lateral ventricle SVZ, were
generated from rapidly dividing transit amplifying or early
progenitor cells. To determine if secondary 314 neurospheres
can produce cells that form non-pT4 neurospheres, second-
ary 314 neurospheres (formed after Ara-C treatment) are
propagated on coverslips for 24 hrs. These cultures are then
dissociated into single cells and placed into neurosphere
torming conditions for 4 days. The resulting neurospheres are
attached to the coverslips, and the percentage of neurospheres
that are pT4-positive 1s determined. If T4 cells produce
transit amplifying or early progenitor cells capable of produc-
ing neurospheres, the majority of neurospheres generated
should be 3’ T4-negative, possibly at percentages (80%) seen
1n primary neurospheres.

Materials and Methods
Immunocytochemical Distribution of Rat pT4 Cells

4% paratormaldehyde-fixed and free-floating sections of
fetal and early postnatal rat brain 1s used to determine the
distribution of pT4 cells. Fetuses are obtained from timed
pregnant Spraque-Dawley rats at embryonic days 10-11,
13-14, 18-19, and postnatal days 0, 4, 21 and 60. Sections are
stained with pPIV tubulin antibodies. Other molecules that
may be expressed by 314 cells are then characterized.
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Primary Neurospheres
Neurospheres are generated from embryonic and early

postnatal Sprague Dawley rats using established protocols
approved by our Institutional Animal Care and Use Commiut-
tee. Neurospheres are generated from E10-11 telencephalon,
E13-14 MGE, and E18-19, PO, P4, P21 and P60 lateral ven-
tricle. If the results of the immunocytochemical experiments
described above find other SV Z areas highly enriched for T4
cells, they are included 1n this experiment. The method for
generating neurospheres described here 1s for P4 lateral ven-
tricles. The lateral ventricular zone 1s 1solated from coronal
sections, then finely minced, trypsin- and DNase-treated, and
then filtered, washed, pelleted, and dissociated into a suspen-
sion solution. The dissociated cell suspension (10° cells/ml)
1s placed 1n un-coated T-75 flasks 1n neurosphere-permissive
solution (20 ng/ml EGF, 20 ng/ml FGF, and 1% N2 supple-
ment 1n DMEM/F12 media) and cultured for 4 days. Primary
neurospheres are then visible and transferred to Poly-L-
Lysine-coated coverslips, allowed to attach for 15 min, fixed
with 4% paratormaldehyde for 30 min, pretreated with 0.1%
triton-X 100/PBS for 20 min and then stained by IV tubulin
antibodies. The total number of neurospheres and the percent-
age enriched 1n T4 cells 1s then determined.
Secondary Neurospheres

Primary neurospheres are generated as described above,
dissociated with trypsin and trituration, and then plated onto

Poly-L-Lysine-coated coverslips. The coverslips are then
incubated with Ara-C (10 uM Ara-C, 10 ng/mLL EGFE, 10

ng/mL FGF, 1% N2 in DMEM/F12) for 4 days, placed in T-75
flasks containing neurosphere-permissive medium, and
allowed to grow for 3 days. These secondary neurospheres are
then plated onto coverslips for 2 hrs, fixed 1n 4% paratorm-
aldehyde and stained for DIV tubulin. The percentage of
3 T4-enriched neurospheres are then determined (3 coverslips
cach from three different preparations) for each brain area
(E10-11 telencephalon, E13-14 MGE, and P4, P21 and P60
lateral ventricle).

To determine 11 3 T4-enriched secondary neurospheres can
produce non-p T4 neurospheres, pT4-enriched neurospheres
are generated as described above, plated on coverslips and
allowed to grow for 24 hrs. These cells are then detached,
dissociated and placed 1n T-75 flasks for 3-4 days to grow a
third generation of neurospheres.

T'hese neurospheres are
plated on coverslips and stained for

314 as described above.
The percentage of 3'T4-negative neurospheres 1s then deter-
mined.

Example 7

314 Cells Contribute to Postnatal Myelination and
What Regulates the Process

The purpose of this Example 1s to investigate the role of
314 cells during rat brain development. Gliogenesis occurs in
two general waves 1n the telencephalon of the developing
rodent brain. An early wave of progenitor cells 1s generated in
the medial ganglionic eminence (MGE) at E13-15, and these
cells migrate to select regions of the telencephalon. These
progenitor cells express PDGFRao, NG2, and mRNA encod-
ing PLP/DM20 and they can be followed 1n tissue slices 1n
transgenic mice expressing EGEFP behind the PLP/DM20
promoter. These MGE-derived progenitor cells produce
telencephalic GABAergic interneurons and then oligoden-
drocytes. The cell or cells that produce this wave of progeni-
tors are unknown. A second wave of telencephalic progenitor
cells originate from the SVZ of the lateral ventricles during
late fetal and early postnatal brain development. These pro-
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genitor cells express NG2, PDGFRa, DIx2 and Mashl. We
hypothesize that the developmental appearance of T4 cells
will correlate with the second wave of gliogenesis that occurs
in late fetal and early postnatal rat brains.

B3T4 Cells Produce Oligodendrocyte Lineage Cells During
Postnatal Development

We will follow the progeny of SVZ 314 Cells Using Cre-
LoxP technology. We have 1solated a 5 Kb promoter of the
tubulin f3,,, gene that faithfully expresses a reporter gene
during mouse brain development (FIG. 7). We will use this
promoter to express Cre recombinase in SVZ 14 cells. The
Cre construct will contain a fusion protein (ER?#), which is
stimulated by low concentrations of tamoxifen, but not estra-
diol. These mice will be crossed with the Z/EG double
reporter mouse. To trace the progeny of 14 cells, tamoxifen
will be administered to double transgenic mice (fT4-Cre
ER**/Z/EG). This will cause expression of EGFP in all cells
that express tubulin p 5, and all cells derived from these cells.

In order to follow SVZ 314 cell lineage specifically, we
will focus upon examining various time points following
tamoxifen administration at 1-2 weeks post conception. At
this age, the only cell expressing tubulin fIVais the SVZ T4
cell. IT these cells generate oligodendrocyte lineage cells,
their progeny should be present 1n the forebrain at 4 weeks of
age, a time point at which the forebrain 1s maximally popu-
lated with premyelinating and myelinating oligodendrocytes.
Accordingly, examination of time points between 1-2 and 4
weeks post conception will reveal the tempo of development
of individual cells along this lineage during the onset and
peak of myelination 1n the forebrain. We will focus upon the
cerebral cortex because we have previously demonstrated
that oligodendrocyte lineage cells 1n this region display a
spatial and temporal progression in differentiation and matu-
ration. Retroviral labeling studies have demonstrated that the
cells within the 0-1 weeks post conception SVZ achieve
extensive migration and morphologic differentiation within
one week. Retroviruses are preferentially incorporated into
rapidly dividing cells, which most likely correspond to transit
amplifying cells. There 1s little known about the period of
maturation from a quiescent stem cell to a transit amplifying,
cell.

We have shown that pT4 immunoreactivity appears 1n oli-
godendrocytes of the corpus callosum at 4-5 post conception
and 1s most intense at 8-10 weeks post conception. Thus,
administration of tamoxifen at 7-10 weeks post conception
will label both SVZ 314 cells and oligodendrocytes. Exami-
nation of double transgenic mice treated with tamoxifen at
both of these time points are necessary to confirm appropriate
regulation of expression from the fT4-Cre ER?* construct
and elfficient recombination and reporter gene (EGEFP)
CXpression.

Expression of EGFP by the progeny of the SVZ 314 cells
enables us to characterize the morphology of the cells without
additional histochemical manipulations. We will perform
immunocytochemical phenotyping based upon the shape and
location of EGFP-positive cells. Obvious cells and antigens
include stem cells (PIV tubulin, Olig2 and other transcription
factors), transit amplifying cells (transcription factors),
OPC’s (NG2, PDGFRa), and premyelinating and myelinat-
ing oligodendrocytes (PLP). We will also examine older ani-
mals, e.g., >three months of age. Such studies will permit us
to assess changes 1n number and location of SVZ T4 cells in
the mature animal and provide baseline data for future studies
of demyelination models.

Methods

The 5 Kb sequence upstream of the gene encoding the

tubulin BIvaisoform (Tubb4, Chromosome 17) will be cloned
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into the tamoxifen-dependent Cre recombinase vector, pCre-
ER’?. The efficacy of the resulting fusion protein will be
tested by transfection into a reporter cell line. Transgenic
mice will be generated at the University of Cincinnati Trans-
genic Facility and founder animals 1dentified by analysis of
tail DNA. B T4-CreER”* transgenic lines will be screened for
Cre expression by RT-PCR and several hemizygous trans-
genic mouse lines will be used for matings with Z/EG double
reporter transgenic mice. This mouse carries a transgene that
utilizes the chicken beta actin promoter with upstream CMV
enhancer elements, a loxP-flanked geo (lacZ and neomycin-
resistance) fusion gene, three copies of the SV40 polyadeny-
lation sequence and enhanced green fluorescent protein
(EGEP). In the absence of Cre, geo 1s expressed, while in the
presence of Cre, the floxed sequences are excised, and EGFP
1s expressed. Therefore, the cells that have undergone Cre-
mediated recombination can be detected without additional
histochemical detection methods.

Expression of Cre recombinase and activation of EGFP
reporter will be achieved by a single oral gavage of tamoxifen
(0.11 mg/g body weight, Sigma T-5648 diluted 1n corn o1l
(S1igma C-8267)). As noted above, tamoxifen will be admin-
istered to separate groups of animals at 1-2 weeks and 7-10
weeks post conception. Previous studies have shown that
nuclear localization of Cre first appears 6 hours after admin-
istration and declines at ~30 hours. Double fluorescence stud-
1ies (EGFP and immunohistochemistry for T4) will be per-
formed 24, 48 and 72 hours post-tamoxifen to assess veracity
ol Cre expression and efficiency and timing of recombination.
Lineage tracing studies will utilize animals given tamoxifen
at P1-2. We will perform pilot studies of EGFP expression on
a small number of animals to determine the most informative
specific time points, followed by detailed 1mmunohis-
tochemical examination of cohorts of animals. We anticipate
detailed analysis of up to four time points in animals less than
4 weeks old and two time points for amimals greater than 3
months of age. Amimals will be sacrificed by intracardiac
perfusion with 4% paraformaldehyde and sections prepared
for analysis by methods developed 1n our laboratory to spe-
cifically follow oligodendrocyte lineage in rodents. Immuno-
histochemical analyses will utilize specific antibodies based
upon the morphology and spatial distribution of the EGFP
labeled cells. Antibodies will include pT4, Oligl/2, DIx2,
Mashl, Nkx2.2, NG2, PLP, GFAP, TulJl, and NeuN. This
panel will characterize putative transit amplifying cells as
well as the major neuroectodermal lineages.

The use of Cre/loxP technology for lineage tracing in the
central nervous system has been validated using a number of
developmentally regulated promoters. In view of our prelimi-
nary findings on the ability of the Tubb4 promoter to drive
expression of a YFP reporter into the appropriate (T4
expressing cells, we anticipate that this promoter will also
drive Cre expression in a similar population of cells. It
remains possible that the absolute number of cells expressing
the reporter in the fT4-CreER”*+Z/EG bigenic mice may be
less than the total number of $T4 expressing cells due to
inelliciencies 1n tamoxifen mediated nuclear translocation of
Cre or in Cre-mediated recombination. However, because the
purpose of these experiments 1s fate mapping, 100% efii-
ciency 1n marking the cells 1s not necessary as long as the
population of cells that undergoes recombination 1s represen-
tative of the total population of cells in which the T4 pro-
moter 1s active. In addition, the efficiency of recombination
can be maximized by modulating the tamoxifen administra-
tion protocol. While unlikely based upon our 33T4-EYFP
mice, 1t 1s also possible that there may be ectopic expression
of Cre. This would lead to expression of the EFGP reporter in
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cells where the T4 promoter 1s not normally active. This will
be 1dentified by tfluorescence microscopy for EGFP and pT4
immunolabeling of brain sections at early time points. If this
1s the case, alternative rp T4 promoter/Cre constructs will be
developed. For example, studies utilizing BACs to place CRE
under the control of endogenous promoters has resulted in
much tighter regulation of Cre expression. Since the tubulin
3., (Tubb4) gene 1s relatively small (~7 kb), CRE can be
directly introduced into BACs containing Tubb4 via standard
BAC mutagenesis protocols.
314 Cell Expression of Novel Signaling Molecules

It 1s essential to characterize other molecules enriched in
314 cells. To achieve this goal, we will perform an unbiased
characterization ol genes expressed by secondary neuro-
spheres using microarray technology. Since over 83% of the
cells 1n these neurospheres are 3 T4-positive, we will obtain a
molecular profile of T4 cells. We will use standard protocols
established in the laboratory to quantily and classity gene
transcripts into functional categories. A minimum of three
separate array profiles will be obtained. To help establish
whether genes are enriched 1n T4 cells, we will compare
these gene profiles with those obtained from microarray
analysis of primary neurospheres. Molecules of iterest will
be localized immunocytochemically in secondary neuro-
spheres and 1n developing mouse and human brain and in MS
brains.
Methods

Total RNA will be 1solated using the Picopure RINA 1sola-
tion kit from Arcturus (CA) and run on the Agilent Bioana-
lyzer 2100 (Paulo Alto Calif., USA) for quality assessment.
Five separate comparisons will be performed. Multiple sec-
ondary neurosphere preparations will be pooled for each
analysis. Each sample will be labeled according to the
Aflymetrix eukaryotic small sample protocol. Brietly, a T7/-
(d1)24 primer 1s used to synthesize unlabeled cRNA. The
cRNA 15 cleaned and used for a second round of amplification
using biotinylated ribonucleotides. The labeled cRNA 1s puri-
fied and fragmented to 35-200 bp sizes for effective hybrid-
1zation, which 1s assessed by hybridization to a Test 3 Gene-
chip probe array. Affymetrix’s recommended criteria for
using a labeled target for hybridization is as follows: (1) the
rat10 of the signal generated that corresponds to the 3' region
of a gene compared with the 5' signal needs to be less than 3:1
for p-actin and GAPDH; (2) the background 1s less than 700;
(3) the no1se 1s less than 10. Samples which pass the filtration
criteria will be hybridized to the Rat U230 arrays, which
contain 30,000 probe sets, and 28,000 known genes. Since
false positive signals originate from genes expressed at low
levels, we employ filtration criteria to remove all absent call
probe sets’. Arrays will be analyzed using Aflymetrix
Microarray Suite 5.0 (MAS5.0) and GeneSpring 5.0 software
from Silicone Genetics. Outliers will be eliminated using
principle component analysis and univariate analysis. The
Global Error Model 1n GeneSpring 5.0 performs variance
component analysis to estimate standard errors and compare
mean expression levels between experimental conditions. We
will use ‘Per Chip’ normalizations that control for chip-wide
variations in intensity and ‘Per Gene’ normalization (normal-
1zation to median) that accounts for the difference in detection
elficiency between spots. Expression levels of genes in pri-
mary and secondary neurospheres will be compared using the
unpaired T-test. To create further stringency and reliability of
the results, Benjamini-Hochberg False Discovery rate (FDR)
correction will be applied. All transcripts differentially
expressed at p<t0.05 passing the FDR correction will be clas-
sified mto biologically meaningful groups based on gene
ontology classification using EASE and pathway explorer
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programs. Expression levels and cellular distribution of the
resultant transcripts will be verified by real time PCR (Roche
Lightcycler, Roche USA) Western blots and immunohis-
tochemistry. Comparative mapping of the transcripts will be
done to find human transcripts corresponding to the rat genes.
These genes will finally be compared for their expression and
distribution 1n the human SVZ region.

Regulation of pT4 Cell Development

We will investigate the behavior and fate of pT4 cells 1n
secondary neurospheres. These studies will characterize the
growth factors that modulate pT4 cell number, transit ampli-
tying cell phenotype or number, or lineage-committed pro-
genitor cells produced by pT4 neurospheres. The ability to
enrich for T4 cells using the anti-metabolite Ara-C after
neurosphere formation offers the opportunity to characterize
and manipulate 314 cells, the transit amplifying cell popula-
tion dertved from 314 neurospheres, and the external factors
that drive p'T4 neurospheres to produce oligodendrocyte pro-
genitor cells. Several growth factors can modulate specifica-
tion of oligodendrocyte lineage 1n vivo and 1n vitro. Prelimi-
nary data indicates that 314 cells are slowly dividing
multipotential CNS stem cells, yielding Tull-positive neu-
rons, O4-positive oligodendrocytes, and GFAP-positive
astrocytes. As such, 314 neurospheres should respond to
growth factors that are known to control or modulate lineage
specification.

Our preliminary experiments have documented the relative
quiescence of the pPT4 cells, determined by sparse BrdU
labeling and by their resistance to the anti-mitotic agent,
Ara-C. The expansion of neurospheres after Ara-C treatment
indicates, however, that pT4 neurospheres produce a rapidly
dividing cell, which generates progenitor cells that in turn
have the ability to produce neurons, astrocytes and oligoden-
drocytes. To date, no markers have been i1dentified which
occur specifically and uniquely 1n all transit amplifying cells
that produce glial progenitor cells. The transcription factors,
Mashl, DIx2, Nkx2.2 and Oligl/2, have been 1dentified 1n
rapidly dividing cells within the SVZ and 1n cells commutted
to the oligodendrocyte lineage. While not unique to the transit
amplifving cells, these transcription factors currently offer
the best chance for defining this intermediate, rapidly divid-
ing cell population. 3’14 cells are Olig2-positive (FI1G. 13) but
iitially negative for progenitor cell markers (NG2, PDG-
FRa, PSA-NCAM, and O4). After Ara-C treatment, neuro-
spheres will recerve continuous BrdU treatment prior to fixa-
tion at 6, 12, 24 36 and 48 hours. Cultures will be stained for
BrdU, transcription factors, and surface markers of OPCs.
These experiments will allow us to determine the time frame
in which pT4 neurospheres/cells produce rapidly dividing
cells and how quickly markers of transit amplifying cells are
turned on. We will determine how long 1t takes for commutted
progenitors to be specified. At 2,4, and 7 days 1n vitro, we will
also stain secondary neurospheres for the OPC markers NG2
and PDGFRoa and for oligodendrocytes (PLP), neurons
(Tull) and astrocytes (GFAP). Imitially, these experiments
will be performed in standard neurosphere medium (N2,
PDGF and FGF). Our goal 1s to determine whether these
growth factors aflect 314 cells, transit amplifying cells or
committed progenitor cells. We will examine the effects of
cach of these factors on 314 neurospheres, enriched after
Ara-C treatment, using BrdU and markers for transit ampli-
tying cells and lineage-committed progenitors, as described
above. This will allow us to follow the effect of these growth
factors on all three cell populations and determine if transit
amplifying cell or committed progenitor cell phenotypes are
altered. Since the last submission two observations have
increased our interest 1n the role of Shh 1n 314 cell behavior.
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We will test each growth factor in N2 medium and Shh and
BMP will be tested 1n combination with FGF and/or EGF.

Methods
Primary Neurospheres

Neurospheres will be generated from early postnatal Spra-
gue Dawley rats using established protocols approved by our
Institutional Animal Care and Use Committee. The lateral
ventricular zone 1s 1solated from coronal sections, then finely
minced, trypsin- and DDNase-treated, and then filtered,
washed, pelleted, and dissociated into a suspension solution.
The dissociated cell suspension (10 cells/ml) 1s placed 1n
un-coated T-75 flasks 1n neurosphere-permissive solution (20
ng/ml EGF, 20 ng/ml FGF, and 1% N2 supplement in
DMEM/F12 media) and cultured for 4 days.
Secondary Neurospheres

Primary neurospheres are generated as described above,
dissociated with trypsin and trituration, and then plated onto

Poly-L-Lysine-coated coverslips. The coverslips are then
incubated with Ara-C (10 uM Ara-C, 10 ng/mLL. EGFE, 10

ng/mL FGFE, 1% N2 1n DMEM/F12) for 4 days, placed in T-73
flasks containing neurosphere-permissive medium, and
allowed to grow for 3 days. These secondary neurospheres are
then plated onto coverslips various periods of time, fixed in
4% paratormaldehyde and immunophenotyped.
Growth Factor Studies

Secondary neurospheres will be generated from P4 rat
brain. We will determine 1t the 3'T4 cells, or the phenotype or
number of transit amplifying cells, are affected when Shh
(0-250 ng/ml) BMP4 (0-1000 ng/ml), FGF2 (0-50 ng/ml) or
EGF (0-100 ng/ml) are added to our basic culture medium
(DMEM/F12 plus N2). We will determine if these growth
factors atlect pT4 cell number, transit amplifying cell num-
ber, or transit amplifying cell phenotype, by performing
double-labeling immunocytochemistry for transcription fac-
tors described above and BrdU (time points described below).
I1 any of the factors are observed to increase proliferation but
suppress differentiation, then combinations of factors will be
tested using concentrations determined to be suitable 1n the
preceding experiments. It 1t 1s observed that BMP4 1nhibits
generation of oligodendrocyte progenitors, then the BMP
inhibitor noggin will also be tested.
Immunocytochemistry

Ara-C-treated secondary neurospheres will be plated on
coverslips with the various mediums described above. Initial
studies will quantity and phenotype transit amplitying cells at
6, 12, 24, 36 and 48 hrs. Each coverslip will recetve a 6 hr
pulse of 10 uM BrdU prior to fixation with 4% paraformal-
dehyde. The tissue will be double-labeled for BrdU and the
transcription factors Oligl, Olig2, Nkx2.2, Mash1 and DIx2.
These antibody combinations should establish a phenotype of
the transit amplifying cells produced by pT4-enriched neu-
rospheres. We will quantity the total number of BrdU-posi-
tive cells and the percentage of total and BrdU-positive cells
that express individual transcription factors. We anticipate
that not all growth factor concentrations and transcription
factor combinations will be necessary. These studies will
establish the growth factor requirements for producing vari-
ous transit amplitying cell phenotypes. We will extend our
analysis to later time points (7, 10 and 14 days) to study the
production of cells committed to oligodendrocyte lineage
using antibodies to NG2, O4 and PLP.

We have recently discovered that Shh signiﬁcantly
increases the number of oligodendrocytes and neurons 1n
secondary neurospheres. We will identity whether this atl

ect
1s on [3T4 cells, transient amplifying cells of commuitted pro-
genitor cells. To further study the actions of Shh, cyclopamine
will be added to the Shh-treated neurospheres. Cyclopamine
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addition should 1nhibit effects directly induced by Shh. BMP
may inhibit T4 cell proliferation, transient amplitying cell
division, or OPC generation. BMP affects may repress Olig?2,
and this effect should be reversible with the addition of nog-
gin. FGF and EGF are both known to be mitogenic to stem
and/or transit amplifying cells, 1n which case we expect an
increase in the number of BrdU -positive cells. If an increase

in the number of OPCs 1s seen upon addition of FGF2, then
PD173074, which blocks the FGF2 receptor, can be used to
confirm the requirement of these cells for FGF2. An FGF2-
dependent ohgodendrocyte lineage has recently been
described, and 1t 1s possible that the T4 cells contribute to
this lineage. Addition of EGF to the 314 neurospheres will
most likely increase the proliferation of transit amplifying
cells. The microarray analysis 1s designed to 1dentify signal-
ing molecules highly expressed i 14 cells. We anticipate
therefore that this analysis may identily receptors for other
ligands that regulate cell differentiation. If confirmation stud-
ies demonstrate that receptors and their downstream signal-
ing molecules are expressed by pT4 cells, we will design
appropriate 1n vitro paradigms to test their atfects on second-
ary neurospheres.

Example 8
Activation of T4 Cells 1n the SVZ by Demylenation

The 1mmitial observation that sparked our interest 1n 3’14
cells was their detection 1n SVZs of periventricular MS
lesions. Preliminary data (FIG. 8) suggest that pT4 cells are
increased 1 SVZs of MS lesions when compared to non-
lesion areas in the same sections. While these data suggest
that T4 cell density 1s increased in response to demyelina-
tion, the timing and functional significance of (14 cell
increase during demyelination can only be inferred from
characterization of fixed autopsy tissue. The purpose of this
experiment 1s to determine if SVZ T4 cells are increased
following demyelination 1n the adult rat brain. We will use
Cre-Lox P technology in mice to imnduce EGFP reporter
expression, thereby labeling the progeny of T4 cells, and
allowing us to determine their role 1n repair of demyelination
induced by lysolecithin or experimental autoimmune
encephalomyelitis (EAE).

Lysolecithin

To examine the process of remyelination following non-
immune-mediated demyelination, we will use the model of
microinjecting lysolecithin mto the cingulum of P60 mouse
brain. Demyelination and remyelination 1s highly reproduc-
ible and these events occur 1n a timely manner. Axons are
demyelinated by 7 days post-injection and new oligodendro-
cytes begin to appear three days later. Many demyelinated
axons are surrounded by thin myelin sheaths two weeks post
injection and remyelination i1s extensive 28 days post injec-
tion. As described above, we hypothesize that the demyeli-
nated environment will “activate” 314 cells and that these
cells will serve as a source o OPCs needed for remyelination.
It has been established that OPCs migrate into toxin induced
demyelinated lesions. Two potential sources of these OPCs
have been 1dentified. Progenitor cells from the rostral migra-
tory stream (RMS) and SVZ can be diverted into the lesion.
We have chosen a site for demyelination that 1s quite distant
from the RMS, so 1t 1s unlikely that these cells will contribute
to lesion repair. The phenotype of the cell that produces these
SVZ-dertved progenitor cells 1s unknown. We will activate
expression of T4 driven EGFP by administrating tamoxifen
after lysolecithin imjection. We will phenotype the EGFEFP
positive cells using double labeling immunocytochemistry
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with a focus on SVZ cells (BIV tubulin and transcription
factors), OPCs (NG2), and premyelinating and remyelinating
oligodendrocytes (PLP). These experiments will directly test
the hypothesis that demyelination activates p'14 cells to pro-
duce transit amplifying cells, OPCs, and new oligodendro-
cytes.

EAE

Immune-mediated demyelination (EAE) will be mnduced
in 8-10 week old female Cre-Lox P mice using MOG, . -
peptides. Cre-lox mice will be generated in a background
(C57BL/6) that demonstrates consistent demyelination in the
corpus callosum when immunized with MOG,._.< peptide 1n
complete Freund’s adjuvant. Neurobehavioral signs of EAE
begin between day 12 and 17. At the onset of EAE, we wil
administer tamoxifen 1n a single dose that does not atfect the
severity of EAE. Mice will be sacrificed at varying times after
onset of EAE: 5 days after onset (worsening phase of attack);
10 days after onset (plateau phase of attack); 20 days after
onset (recovery phase of attack); and 30 days after onset
(resolution phase of attack, with stable neurological deficit).
To label dividing cells EAE mice will recerve three 1.p. injec-
tions of BrdU six hrs apart prior to sacrifice. While this
protocol has labeled SVZ and OPC cells 1n the same model,
we will empirically determine timing of additional BrdU
administrations based on activation of EGFP 1n the SVZ. We
will then phenotype EGFP-positive cells. Previous studies
have identified remyelination 20 days after EAE onset.
Analysis will follow that described for the lysolecithin stud-
1es. The comparison of these two models should allow us to
distinguish whether immune-mediated inflammation associ-
ated with demyelination 1n EAE has an effect on 314 cell
behavior.

One of the unresolved questions 1n the activation of SVZ
cells inresponse to demyelination in MS brains 1s the molecu-
lar mechanisms that mnitiate the process. It 1s feasible that
inflammatory mediators play a role in activating pT4 cells. To
test this possibility, we will produce secondary neurospheres
from adult Cre-loxP mice and test the effect of various cytok-
ines on their behavior. We will test supernatants derived from
the SVZ of EAE mice (collected when SVZ T4 cells are
maximally activated). We will also test supernatants pro-
duced by myelin-antigen activated T cells, mterteron (IFN)-
v-activated astrocytes and LPS activated microglia. We will
determine 11 secondary neurospheres produce more cells 1n
response to these conditioned media. We have developed an
in vitro screening protocol for testing a library of 30,000
small molecules on primary neurospheres. This project 1s
funded as part of a Collaborative Research Center of The
National MS Society. We use a dye binding assay to quantify
cell numbers in multi-well plates. When we get a hit we will
establish a standard curve effect using different concentra-
tions of conditioned medium. Once a maximal and reproduc-
ible response 1s established, we will phenotype the new cells
and begin to 1solate the molecule or molecules responsible for
activating the T4 cells. This analysis begins with molecular
weight cuts using commercial columns. IT activity 1s 1denti-
fied, we will test candidate proteins in the defined molecular
weight range (this 1s how CXCL1 was i1dentified). If this
approach 1s not successiul, we will identity molecules by gel
clectrophoresis and mass spectrometry. This 1s the approach
we used to 1dentify [3,,-tubulin as the antigen reacting with Tie
2 antibodies.

Materials and Methods
Toxin Induced Demyelination

Lysolecithin will be mtroduced stereotactically into 3-4-
month old female Cre-Lox P mice as described previously. 2
ul of lysolecithin (1% solution; or sterile saline for control
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amimals) will be mtroduced into the sub-cortical white mat-
ter—cingulum and corpus callosum—at the co-ordinates 1.1
mm posterior to Bregma, 1.0 mm lateral to Bregma, and 2.8
mm deep, through small holes drilled 1n the skull. Lysoleci-
thin or saline will be 1njected at a rate of 1 uL./min using a 10
uL fixed-needle Hamilton syringe. The syringe will be left in
place for 4 minutes to allow the injected solutions and tissue
to equilibrate and the 1njection site filled with absorbable gel
foam prior to suturing. Tamoxifen will be administered
immediately following lysolecithin injections. Animals will
be sacrificed at 2, 4,7, 10, 14 and 28 days post-injection by
intracardiac perfusion with 4% paratormaldehyde.
EAE
EAE will be induced 1n 8-10 week-old female Cre/loxP
C57BL/6 transgenic mice using a previously described pro-
tocol that activated SVZ cells to migrate into demyelinated
lesions and 1s well established in the lab of our colleague Dir.
Ransohoil. Brietly, mice are immunized subcutaneously with

200 ng of a HPLC-purified peptide representing residues
35-55 of rat MOG (MEVGWYRSPFSRVVHLYRNGK;

(SEQ ID NO: 16) BIO-SYNTHESIS), emulsified 1n incom-
plete Freund’s adjuvant (IFA; Difco) supplemented with 400
ug of heat mactivated Mycobacterium tuberculosis (H37Ra).
Mice also receive pertusis toxin (P1) 1.v. at the time of immu-
nization (200 ng) and 48 hrs later (200 ng). Mice are weighed
and tested neurologically (1-5 scale) each day using methods
previously established i1n the lab. Mice reaching a severity
score ol 4 will be humanely sacrificed 1f unable to maintain
hydration. Mice will recerve 3 1p ijections of BrdU (60
mg/kg) 6 hrs apart at 10, 20 and 30 days post immunization
and then sacrificed for analysis.
Immunocytochemistry

Paratormaldehyde-fixed brains will be cryoprotected, 30
um free-floating sections will be cut on a freezing microtome,
and sections including SVZ and lesion will be analyzed 1n a

confocal microscope for EGFP and tubulin .- (T4 cells),
the transcription factors Oligl/2, DIx2, Mashl, and Nkx2.2

(transit amplitying cells), NG2 (OPC’s) and PLP (premyeli-
nating and myelinating oligodendrocytes). Demyelination,
OPC distribution and remyelination will be characterized
using standard immunocytochemical analysis of myelin pro-
teins (PLP and MOG) and OPC surface antigens (NG2 and
PDGFRa). We will also determine if cells commutted to astro-
cytic (GFAP) or neuronal lineages (Tull) are EGFP-positive.
Immune Modulators Conditioned Medium from Encephali-
togenic T Cells

Mice aged 8-10 weeks are immunized to induce EAE, as
described above. Seven days post-immunization, draining
lymph node cells 1solated from MOG;._.. immunized mice
(5%10°/ml) were incubated in a 24-well plate in RPMI1640
supplemented with 10% FBS (Gibco-BRL), 2 mM
L-glutamine, 1 mM sodium pyruvate, 100 IU/ml penicillin/
streptomycin and 2x10 M 2-mercaptoethanol (Gibco-BRL)
with the MOG,._.. peptide immunogen (20 pg/ml) for 72 h.
Supernatant are collected and used as lymphocyte condi-
tioned medium for assay on secondary neurospheres.
Astrocyte Conditioned Medium (CM)

The process of culturing astrocytes 1s activating and the
cells express a reactive astrocyte phenotype. CM from astro-
cyte explants will be prepared as described. In some experi-

ments, astrocytes will be further stimulated with murine
IFN-v (R&D), at a concentration of 100 U/mL for 48 hrs,
tollowed by washing to remove cytokine, and preparation of
CM.
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Microglial Conditioned Medium Following Activation In
Vivo with LPS:

This protocol 1s 1in routine use 1n the lab. Mice are mjected
daily for 4 days with LPS (Sigma; 20 ug in 100 ul PBS)
intraperitoneally (1.p.). Four hrs after final injection, animals
are anesthetized with Nembutal and perfused through the lett
ventricle (HBSS without Ca™/Mg™™") and brains are collected
in 10 ml HBSS/brain containing 0.05% collagenase D
(Roche, Indianapolis, Ind.), 0.1 pg/ml TLCK (Sigma), 10
ug/ml-Dispase (Roche) and 10 uM HEPES (Invitrogen,
Carlsbad, Calif.). Brain tissues are dispersed with a glass
dounce homogenizer (Fisher), mixed for 15 min at RT, cen-
trifuged (7 min, 1500 rpm), washed, and resuspended 1n 70%
1sotonic Percoll (Amersham, Piscataway, N.J.). Four ml of
the cell suspension 1s transierred to 15 ml polypropylene
conical tubes with equal volumes of 37% i1sotonic Percoll,
30% Percoll and 2 ml of HBSS sequentially layered on top,
betore centrifugation (40 min, 1200 rpm, 18° C.). The 70%:
3'7% Percoll interphase 1s collected and cells washed. Micro-
glia are then resuspended at 1x10° cells/ml in RPMI media
containing 10% calf serum, 0.05 ug/ml gentamycin, 1x non-
essential amino acids, and 2 mM L-glutamine, and cultured 1n
25 cm” flasks for 48 h before preparation of CM.

Immune Modulators

We anticipate that factors produced by encephalitogenic T
cells, by astrocytes and by microglia will all modulate the
generation of OPCs from the T4 population in secondary
neurospheres, although 1n different fashion for different cell
preparations. We and our colleagues have extensive experi-
ence analyzing and puritying cytokines from such CM prepa-
rations, so that identification of the factors responsible for
regulating pT4 cells will be feasible, primarly by identifying,
likely candidates for specific responses of pT4 cells and con-
ducting blockade experiments using neutralizing antibodies.
Encephalitogenic T cells will make inflammatory cytokines
such as IFN-y, IL-2 and IL-10, but may also make neurotro-
phins, as recently reported. Microglia express a different set
ol neurotrophins and cytokines, as do astrocytes. The prin-
ciple advantage of these CM experim-ents will be to correlate
the results from these simplified systems with the outcomes
of analyzing SVZ extracts from EAE mice, so that the cells
and factors responsible for effects 1n vivo can be 1dentified.

Example 9

Characterization of the Distribution of 314 and
Transit Amplitying Cells 1n Developing Human
Brain

The human brain undergoes a protracted period of gliogen-
es1s between 18 weeks postconception and the first postnatal
year, which corresponds to the “second wave” of telencepha-
lic gliogenesis 1n the rodent (E18 to P14). In this experiment,
we take advantage of this aspect of human development to
characterize the temporal and spatial distribution and the
immunophenotype of T4 cells 1n brain regions where MS
lesions occur i1n adulthood. Our experimental approach
focuses upon answering the two major questions described
below.

Distribution of 314 Cells 1n the Developing Human Telen-
cephalon

We propose that the abundance of fetal SVZ T4 cells
changes 1n a region specific manner to meet the demands of
local gliogenesis; the density of SVZ [3T4 cells then stabilizes
with brain maturation during the first two years of life and
remains quiescent until activated by pathological conditions
such as demyelination. The distribution of 314 cells 1s deter-
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mined 1n four brain regions at different developmental ages:
(1) SVZ overlying the caudate nucleus which represents the
largest expansion of the SVZ (*“germinal matrix™) equivalent
to the dorso-lateral SVZ of the rodent; (2) SVZ of corpus
callosum and septum 1n the same sections; (3) SVZ of frontal
horns of the lateral ventricle; and (4) SVZ of occipital horns
of the lateral ventricle. Our preliminary studies indicate that
B3T4 cell density 1n these SVZ regions varies extensively
during fetal brain development (FI1G. 7). Characterization of
several ventricular regions 1s of value for two reasons. First,
since myelination in the telencephalon shows a temporal
progression, a correlation of the prenatal sequence of p14 cell
appearance with the postnatal sequence of myelination would
support the 1dea that 314 cells play a role 1n an early phase of
oligodendrocyte lineage. And second, the periventricular
lesions are common 1 MS and all ventricular regions are
involved.

Several developmental ages are examined: 18-22 weeks
post conception (wpc); 26-30 wpc; 36-40 wpc (term preg-
nancy ); and postnatal up to two years ol age (pc age=2 years+
38 weeks). These developmental ages show increasing
degrees of maturation by routine histology. Age 18-22 wpc 1s
a period characterized by a thick non-layered cortical plate
composed of “neuroblasts” with no evidence of cytologic
differentiation. Between 26 and 30 weeks, the SVZ of the
caudate nucleus decreases 1n thickness, cortical layers
become apparent and neuronal cell bodies become separated
from each other by increased neuropil and begin to display a
pyramidal morphology. During this period, the white matter
and cortex 1s increasingly populated by oligodendrocyte lin-
cage cells and a subset starts to express markers of premyeli-
nating oligodendrocytes. Myelination rapidly increases at
36-40 weeks and continues through the first two years of life.
We expect that in any SVZ region, the total number of T4
cells in the SVZ will increase to a peak followed by a stabi-
lization or decrease. We also predict that the peak 1n 3’14 cells
will occur prior to the time that premyelinating oligodendro-
cytes, as demonstrated by proteolipid protein immunohis-
tochemistry, peak 1n overlying parenchyma.

Phenotype of Transit Amplifying Cells 1n pT4-Enriched SVZ
Regions

Previous literature on the stem cell niche in the rodent SVZ.
indicates that stem cells, transit amplifying cells and commiut-
ted progenitor cells share a close spatial relationship. We
ivestigate the possible role of 3’14 cells 1n the context of the
immunophenotype of transit amplifying and commuitted pro-
genitor cells that are found 1n fT4-enriched SVZs in humans.
While the rodent studies define the potential of 314 cells 1n
different growth factor environments, 1t 1s only through a
characterization of the phenotype and spatial relationships 1in
humans in vivo that we can demonstrate the relevance of the
in vitro studies to human brain. Characterization of 14 and
neighboring cells in the human brain 1s particularly informa-
tive because the relevant brain regions are larger and the
developmental time period more protracted than in rodents.
In addition, the long term goal of our work 1s to understand the
pathogenesis of MS, a disease unique to humans.

BIV tubulin, transcription factors and markers specific for
progenitor cells are co-localized 1n this experiment. We test
whether the 3 T4 cells or their neighbors express the transcrip-
tion factors that secondary rat neurospheres do. Studied tran-
scription factors include Mashl, DIx2, Oligl, Olig2, and
Nkx2.2. Specific lineage-associated markers for progenitor
cells are also examined. These include NG2 and PDGFRa. for
oligodendrocytes, GFAP and zebrin I1/aldolase C for astro-
cytes, and {3-11I tubulin and NeuN {for neurons. T4 cells do
not appear to co-express markers specific for committed pro-
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genitors. It 1s possible however that some transit amplifying
cells will express markers of committed progenitor cells.

Example 10

Characterization of the Distribution and Density of
314 Cells in Adult Human Brain and MS Lesions

In this experiment we examine the properties of 314 cells
in periventricular MS lesions. Current evidence on lineage
determination in the central nervous system indicates that
lineage committed progenitors, such as OPCs, may have lim-
ited proliferation capacity. Prior findings show that NG2-
positive OPC are decreased 1n density in chronically demy-
clinated MS lesions. For this reason 1t 1s important to identily
a cell at an earlier stage of differentiation that has a greater
capacity ol self-renewal. Therapeutic interventions to
increase the capacity for MS lesions to remyelinate have the
potential for reducing the progressive disability endured by
patients with MS.

There 1s accumulating evidence that adult human SVZ
stem cells exist and are capable of producing neurons, oligo-
dendrocytes and astrocytes 1n vitro, and animal data indicate
that such cells can be activated by the local environment. Our
preliminary data suggests that the SVZ increases 1n size bor-
dering MS lesions and that T4 cells increase 1n number. We
hypothesize that T4 cells are increased adjacent to MS
lesions.

Distribution and Density of 14 Cells 1n the SVZ of the MS
Brain

If the 3’14 cells in the SVZ MS lesions play a role 1n lesion
repair, we predict that the SVZ i this region would be
expanded and that more 3’14 cells would be present. To test
this hypothesis, the number of p T4 cells 1n periventricular MS
lesions 1s compared with adjacent non-lesion areas and cor-
responding regions 1n age-matched control brains. This com-
parison provides a detailed description of the normal adult
distribution of 314 cells 1n the course of testing the hypoth-
es1s that 3’14 cells are increased in MS lesions. The SVZ T4
cells have been 1dentified 1n virtually all MS lesions we have
examined thus far (23 lesions from six patients) and prelimi-
nary data indicate that there 1s increased 3’14 cell number and
an expanded SVZ. The total number of 314 cells per defined
length of ventricular wall are first determined, and the precise
anatomic locations of each MS lesion examined are then
compared to the same area in aged matched control brains.
Transit Amplitying Cells be Identified 1n the SVZ of MS
Lesions

The width of the SVZ 1s dramatically increased 1n periven-
tricular MS lesions. This implies activation of SVZ cells that
may be involved 1n generation of new cells. This 1s supported
by the increase 1n T4 cells that we have 1dentified in these
areas. The purpose of these studies 1s to determine 11 transit
amplifving cells can be i1dentified 1n the SVZ that borders
pertventricular MS lesions. A paradigm similar to that in
Example 7, which includes colocalization of pPIV tubulin,
transcription factors and committed progenitor cell antigens,
1s used.

Several studies have explored the expression of transcrip-
tion factors associated with oligodendrocyte production in
experimental models of demyelination, but to date few stud-
ies have characterized SVZ cells in MS brains. For example,
Oligl, Olig2 and Nkx2.2 expression were increased within
demyelinating lesions, and some of these cells also expressed
markers of oligodendrocyte progenitor cells. Oligl knockout
mice, which develop normally, show marked reduction in
remyelination, indicating that oligodendrocyte lineage-asso-
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ciated transcription factors may have different functions in
development and disease. Our preliminary data demonstrate
that SVZ T4 cells are increased near periventricular MS
plaques and that these cells also express Olig2. These obser-
vations are confirmed and extended by quantifying cells that
express other transcription factors (as described).
Distribution of T4 Cells mn MS Lesions Correlate with
Lesion Activity and with Clinical Features of the Patient

The approach in this experiment 1s to correlate data
obtained from the phenotyping analysis described above with
histologic classification of the lesions, performed during the
initial characterization of all lesions examined (described 1n
Matenals and Methods, below) and the clinical parameters
obtained from the MS patient database. We question whether
3T4 cells show relative resistance during different stages of
lesion progression by examining the abundance of 314 cells
in acute, chronic active and chronic lesions. We previously
showed that OPCs are decreased 1n lesions of patients with
long disease duration. In this experiment, we ask whether
duration of disease or patient age correlates with the number
of 314 cells 1n chronic lesions.
Materials and Methods
Tissue Specimens for Development Studies

All specimens are from autopsies of live-born infants per-
formed at the Cleveland Clinic Foundation or Akron Chil-
dren’s Hospital. Cases with history or gross or microscopic
evidence of primary neurologic disease are excluded. Post-
conception age 1s based upon clinical history. Specimens are
collected prospectively and one cerebral hemisphere sliced 1in
the coronal plane and fixed for a maximum of two days 1 4%
paraiformaldehyde. Our existing collection consists of tissues
from 19 infants and includes several specimens each from
post conception ages 18-22, 26-30 and 36-40 weeks and one
specimen each from postnatal term pregnancies with death at
ages two, three and 17 months. Post mortem intervals are
known for half of the cases and range from 12-29 hours.
MS Tissue

All MS brains are obtained by a rapid procurement proto-
col established at the CCF Mellen Center for Multiple Scle-
rosis Treatment and Research 1n 1997 and supported by POl
NS 38667, “Tissue Injury and Inflammation in MS” since
1999. Patients at risk for death and their families are informed
about an advanced directive to donate brain and spinal cord
tissue for research purposes (CCF IRB 2076). We have
received 142 advanced directives and procured tissue from 39
MS patients thus far. Climical features of the consenting
patients are stored 1n a secure database. Of the 17 MS brains
procured 1n the last three years, 11 were from females, age
ranged from 45-79 years, disease duration from 9-51 years,
and EDSS from 6-9.5. Fifteen had secondary progressive MS
and two had primary progressive MS.
The MS tissue procurement protocol includes post mortem
MRI and rapid preservation of hemispheric coronal sections
and longitudinal segments of spinal cord by fixation 1n 4%
paratormaldehyde or freezing. The average time from death
to tissue preservation 1s less than 5 hours. MS lesions are
identified macroscopically (and with the aid of the postmor-
tem MRI) and processed for free-floating section immuno-
histochemistry. Plaque activity 1s classified by immunostain
for myelin basic protein and MHC Class 11.
Adult Control Tissue

The control tissues for the studies are obtained from redun-
dant/residual material from complete autopsies of patients
without neurologic disease performed at the Cleveland Clinic
Foundation. Control tissues are procured by the same proto-
col as described above with the exception of post mortem

MRI (CCF IRB 3102). In the past 4 years, we have procured




US 8,383,098 B2

49

control tissues from nine autopsies. Control brains are from
four females and five males ranging in age from 47-77 years.

Post mortem time ranged from 7-30 hours (median=12
hours). Causes of death were myocardial infarction or other
cardiac arrest (n=>5), respiratory failure, disseminated intra-
vascular coagulation, multiorgan thrombosis, and mesenteric
hemorrhage.

Immunohistochemistry

Immunohistochemistry 1s performed on paraformalde-
hyde-fixed free floating sections or formalin fixed paratfin
embedded sections by methods established 1n the laboratory.
We possess the majority of the antibodies proposed for use 1n
these studies and have validated their performance. Antibod-
ies Tor transcription factors, Oligl, Olig2, DIx2, Mash1 and
Nkx2.2 are available from commercial sources, are suitable
for immunohistochemistry. All characterization of antigen
distribution will be first performed using immunoperoxidase-
DARB detection and bright field microscopy. Double immun-
ofluorescence will be evaluated by confocal microscopy.
Data Analysis

All immunostains are interpreted 1n view of the histology
seen by hematoxylin and eosin stain of a representative sec-
tion from the tissue block. The histologic features are used to
orient the specimen and define the coronal level of specific
anatomic structures (e.g., caudate nucleus, septum, thalamus)
in order to provide a basis of comparison between different
samples. All results are recorded 1n the context of the rela-
tionship of the SVZ to adjacent anatomic structures.

For each region examined, 314 cells are counted in a
defined length parallel to the ventricle of representative areas
of SVZ. Because the thickness ol the SVZ varies dramatically
during development and also appears to increase 1n thickness
in the MS lesions, the thickness of the SVZ 1s recorded. The
density of 3’14 cells 1s expressed per unit SVZ length and per
unit SVZ area. Similarly, since the size of the SVZ regions
increase 1n total length during development, the total number
of T4 cells perregion is also recorded. Quantitative analyses
may be performed on both paraiiin sections (10 microns) and
free-floating sections (30 microns). When comparisons
between these two types of sections are necessary, the data 1s
normalized based upon nuclear density. In addition to immu-
nocytochemistry, we routinely perform in situ hybridization
on human brain sections. If antibodies are unavailable or fail
to stain, we will localize mRNA as an alternative method to
verily gene expression.

Example 11
A Stem Source for Myelination 1n the Adult Brain

A major goal of central nervous system (CNS) stem cell
research 1s to provide a means for cell replacement 1n neuro-
degenerative diseases. The best documented example of cen-
tral nervous system cell replacement and repair 1n adult
human brain 1s the generation of new oligodendrocytes in
lesions of multiple sclerosis (MS). We and others have dem-
onstrated the presence of oligodendrocyte progenitor cells 1n
the lesions of MS and have correlated this with the generation
of new oligodendrocytes. Committed progenitor cells have a
limited capacity for division prior to differentiation. While
adult stem cells have slow rates of division, they are capable
of both extended self renewal and production of transient
amplifying cells which produce significant numbers of new
progenitor cells. Therapeutic stimulation of stem cells, there-
fore, has greater potential for promoting endogenous oligo-
dendrocyte production and remyelination over the lifespan of
a patient with MS.
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Gliogenesis and neurogenesis continually occur through-
out adult life. It has been shown that multipotent stem cells
can be 1solated from adult brain, including from the subven-
tricular zone (SVZ). One well-characterized population of
neural stem cells 1s found in the SVZ, expresses glial fibrillary
acidic protein (GFAP) and can generate multipotent neuro-
spheres in vitro. While the GEFAP-positive cell has been exten-
stvely studied, this population does not account for all neural
precursor cells in the SVZ. Including the GFAP-positive cell,
recent studies have demonstrated that oligodendrocyte pre-
cursor cells (OPCs) are derived from multiple origins in the
developing brain. Additionally, neural stem cell proliferation
1s influenced by sonic hedgehog signaling and Shh has been
shown to differentially affect some populations of cells as it
acts as a mitogen 1 OPCs, but not neuronal progenitors.
These multiple sources and fates of multipotent neural cells
support the conclusion that the mammalian central nervous
system may harbor several populations of stem cells with
regionally and functionally specific potentials.

Because stem cells are defined by their potential, their
characterization depends upon experimental manipulation,
either 1n vitro or in vivo. Such manipulations have demon-
strated that the relatively quiescent stem cells are able to
produce large numbers of differentiated progeny (committed
progenitor cells) via a rapidly proliferating intermediate
called a transient amplifying cell. The most widely used
model for studying neuroectodermal stem cells 1s the neuro-
sphere assay, 1n which dissociated CNS cells are grown 1n
suspension cultures in the presence of epidermal growth fac-
tor (EGF) and fibroblast growth factor-2 (FGF2). It was origi-
nally thought that stem cells formed cell aggregates (neuro-
spheres) which produced differentiated CNS cells following
plating 1n the same culture medium. It has been recently
demonstrated that transient amplifying cells and commutted
progenitor cells can also produce neurospheres. It 15 1mpos-
sible to conclude, therefore, whether stern, transient ampli-
tying or committed progenitor cells are the original source of
the differentiated neural cells produced by neurospheres.
Development of an assay system that incorporates a selection
process to enrich the stem cell population would represent a
major advance 1n this area.

We have 1dentified a population of cells within the SVZ of
the adult human brain that are defined by expression of [34
tubulin. We report here that these cells appear during human
prenatal development, persist within the normal adult SVZ
and are increased adjacent to demyelinated lesions 1 MS
brains. 34 tubulin-positive cells are present 1n neurospheres
derived from the perinatal rat and can be enriched to 95%
homogeneity under growth limiting conditions. Sonic hedge-
hog, a known mitogen for adult CNS stem cell, drives the
division of 314 cells. When 314 cell-enriched neurospheres
are induced to differentiate 1n vitro, they produce oligoden-
drocytes, neurons, and astrocytes and produce myelinating
oligodendrocytes when transplanted into the myelin deficient
(md) rat. Taken together, these studies document the exist-
ence of a previously undescribed cell with properties of a
neuroectodermal stem cell.

Results
BIV Tubulin-Positive Cells 1n the Human SVZ

Our recent discovery that oligodendrocytes express beta IV
tubulin 1n the rodent brain led us to mvestigate the utility of
BIV tubulin antibodies to 1dentily oligodendrocytes i CNS
tissues from multiple sclerosis patients. In addition to oligo-
dendrocytes, beta IV tubulin antibodies stained a population
of undifferentiated cells within the adult human subventricu-
lar zone (SVZ) (FIG. 17). These cells, which we will refer to

as 14 cells, often appear as doublets or in small clusters,
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have sparse perinuclear cytoplasm and several thin processes
(FIG. 17C, arrows). The SVZ T4 cells are morphologically

and geographically distinct from white matter oligodendro-
cytes, which are stained less intensely by NV tubulin anti-
bodies (FIG. 17C, arrowheads). A possible association
between 314 cells and cells of the oligodendrocyte lineage 1s

suggested by co-expression of the transcription factor, Olig2
(FIG. 17G); however, the sulfated proteoglycan, NG2, and

proteolipid protein (PLP), which identify oligodendrocyte
progenitor cells and premyelinating oligodendrocytes,
respectively, were not detected 1n the 314 cells 1n the SVZ
(data not shown). T4 cells did not express markers specific

for microglia, astrocytes or neurons (data not shown). We
investigated the possibility that fT4 1s expressed by previ-
ously characterized cells that reside 1n the SVZ. GFAP (FIG.
17H) and PSA-NCAM markers associated with neuroecto-
dermal stem cells and neuronal progenitor cells, respectively,
were not detected 1n 14 cells. Beta I'V tubulin immunoreac-
tivity was also detected 1n ependymal cells (FIGS. 17A,B)
consistent with previous observations of this tubulin 1soform
in ciliated cells.

314 cells were detected 1n all lateral ventricular SVZ areas
examined. The average number of 314 cells in the SVZ of
individuals without neurologic disease (14 randomly selected
periventricular sections from four brains) was 4.8 cells/mm
length of SVZ (Table 3). This number was not significantly
different from normal appearing white matter adjacent to MS
lesions (3.0 cells/mm, 10 sections from six patients). By
contrast, the mean number of 314 cells in MS lesions was 23
cells/mm SVZ. This increase was due both to an increase 1n
number of doublets and clusters of T4 cells 1n MS lesions
and also 1n the width of the SVZ 1n these areas (FIG. 17B).
These data support the concept that p14 cells represent a
dynamic cell population 1n the adult SVZ that can expand 1n
response to demyelination in the adult human brain.

TABLE 3

# of Pts # sections Cells/mm/patient (Mean + SD)

Lesion SVZ 8 20 23.0 £ 8.5*% #
SVZ adjacent to 6 10 3.0£3.3
lesion

Control SVZ 4 14 48 £4.3

*Lesion SV/Z vs. Control SV/Z, unpaired two-tailed t-test, p = 0.0027 (or p < 0.005)
# Lesion SV /Z vs. SV/Z adjacent to lesion, paired two-tailed t-test, p = 0.0003 (or p < 0.001).
Control SVZ vs. SV/Z adjacent to lesion, unpaired two-tailed t-test, NS (p = 0.47).

3T4 Cells Show a Dynamic Spatial and Temporal Distribu-
tion in the Developing Telencephalon

It T4 cells represent a pre-progenitor cell related to oli-
godendrogenesis, it 1s reasonable to predict that these cells
will have a predictable and dynamic distribution 1n the devel-
oping human brain. Generation of telencephalic glial pro-
genitors occurs 1n several waves during mammalian brain
development. An early wave originates from the medial gan-
glionic eminence and a latter wave originates from SVZ of the
lateral ventricles. We investigated brain sections from imma-
ture liveborn infants who died at 19 and 28 weeks post-
conception (wpc) and a 17 month old child to assess the
distribution of pT4 cell during the latter stage of gliogenesis.
FIG. 18A 1s an H&E stained section illustrating the histology
of the brain surrounding the lateral ventricle at 19 wpc. Adja-
cent sections stained with antibodies to T4 show that the
distribution of T4-positive cells 1s not uniform (FIG. 18B-
D). T4 cells are most numerous in inierior regions (FIG.
18D). Large numbers are also present on the medial (septal)
and superior (callosal) sides of the ventricle (FIG. 18B,C).
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314 cells seem to arise in the ventricular zone but progres-
stvely take residence 1n the SVZ. 314 cells are least abundant
in the expanded SVZ (* i FIG. 18B,C) that overlies the
caudate nucleus, but their numbers increase dramatically at
28 wpc (FIG. 18. E,G). Comparisons of the distribution of
BT4 and PSA-NCAM positive cells indicate that these two
cell types have distinct spatial distributions (FIG. 18E-H).
Double label confocal microscopy confirmed that there was
no evidence of overlap between 314 cells and either PSA-
NCAM or Tujl positive cells in the SVZ. Between 28 wpc
and 17 month post natal, there 1s an increase in absolute
number of pT4 cells as the ventricular surface expands, but
the density of the cells does not change noticeably (FIG. 18
I,J). The overall density of 314 cells 1n the section depicted 1n
FIG. 87 1s 9.3 cells/mm (23.5 mm length of SVZ counted).
This density 1s slightly higher than that seen 1n adult controls.
BT4-Positive Cells are a Slowly Proliferating Multipotent
Population of Cells 1n the Rodent Pertventricular Forebrain.

To elucidate the possible function of pT4 cells, we mves-
tigated their phenotype 1n neurospheres generated from neo-
natal rat brain SVZ. Periventricular tissues from 4-day-old rat
brain were dissociated and placed into a standard neurosphere
culture medium containing EGF and FGF2, maintained for
four days, plated onto coverslips and fixed 1n 4% paratorm-
aldehyde. pT4-positive cells were present in approximately
20% of these primary neurospheres, where they represented
the major cell type. Clues as to the possible role of pT4 cells
in the SVZ came from BrdU labeling studies of primary
neurosphere cells. S1x hours after plating the neurospheres
onto coverslips 1n the presence of BrdU, the majority of the
cells 1in 3'T4-negative neurospheres were labeled, but the [3'14-
positive neurospheres contained few labeled cells (data not
shown). Even after 20 hours 1n culture, the plated 3T4-posi-
tive neurospheres remained relatively quiescent, but were
surrounded by T4-negative cells that showed rapid BrdU
incorporation.

To extend these observations, we attempted to dissociate
primary neurospheres prior to plating and observe their
behavior in the absence or presence of the mitotic inhibitor,
cytosine-p-D-arabinofuranoside (Ara-C). fT4-positive neu-
rospheres were highly resistant to dissociation, whereas the
other neurospheres were not. Relative resistance to disaggre-
gation 1s a property commonly observed 1n cultures of pluri-
potent cells, such as embryonic stem cells and primordial
germ cells. The “dissociated” cultures had growth properties
similar to the plated primary neurospheres. Aggregates of
B T4-positive cells were rapidly surrounded by ' T4-negative
cells. After 4 days in culture, only 0.03% of the cells were [ T4
positive. In the presence of Ara-C, the number of pT4 positive
cells increased to 83.2%. This represented a 2700 fold enrich-
ment 1 314 cells. This enrichment persisted when Ara-C-
treated cells were detached from the coverslips and put back
into suspension culture in the presence of EGF and FGF2.
After 4 days 1n suspension culture, greater than 95% of the
neurospheres were 314 positive. These observations support
the 1dea that the BT4-positive neurospheres were composed
ol quiescent stem-like cells and not transient amplifying or
committed progenitor cells, which also have the capacity to
grow as aggregates in suspension culture.

We performed extensive immunophenotyping analyses on
the pT4 cells in primary and secondary neurospheres. Imme-
diately after plating, these cells showed robust staining with
antibodies to Nkx2.1 and Olig2. Nkx2.1 1s a transcription
factor expressed by ancestors to the neurons and oligoden-
drocytes that arise from the medial ganglionic eminence.
Olig2 1s widely expressed by all stages of the oligodendrocyte
lineage, but 3'T4-positive neurospheres did not express mark-
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ers of committed oligodendrocyte progenmitor cells or mature
oligodendrocytes (data not shown). They also did not express
markers of committed astrocytes, neurons, or microglial cells
(data not shown). After 7-8 days 1n culture, however, O4-posi-
tive oligodendrocyte, GFAP-positive astrocytes and Tujl-
positive neurons differentiated from the BT4-positive second-
ary neurospheres. We investigated the possibility that 314 1s
expressed by a previously characterized cell by testing over
30 other antibodies associated with stem and progenitor cells
tor double labeling with [f'T4-positive neurospheres, but have
not obtained double labeling. These data support the interpre-
tation the 'T4-positive cells from the rodent perinatal SVZ
represent a previously undescribed quiescent multipotent cell
population.

Sonic Hedgehog Promotes Proliferation of 14 Cells and
Differentiation into Oligodendrocytes and Neurons

It 3T4 cells represent a CNS stem cell, growth factors
should induce pT4 cell division and regulate the production
of mature CNS cells. BrdU incorporation by secondary neu-
rospheres 1n the presence of EGE/FGF2 (standard neuro-
sphere medium) and sonic hedgehog (SHH), a proposed
mitogen for stem cells 1n the SVZ of adult rat brain, was
compared to neurospheres grown in the absence of these
growth factors (serum-iree medium containing N2 supple-
ment). After 24 hours of culture in the presence of BrdU,
neurospheres grown in N2 alone showed little evidence of

proliferation (FIG. 19A). BrdU incorporation increased
slightly 1n the presence of EGF and FGF2 (FIG. 19B), but

dramatically 1n the presence of SHH (FIG. 19 C,D). Most of
the BrdU-positive pT4 cells were present at the border of the
secondary neurospheres and appeared to be migrating onto
the surface of the coverslip (FIG. 19 C). We next determined
if SHH had an effect on the generation of mature neural cells
from (14 cells. Secondary neurospheres were grown as
described above for 7 days, and, while O4-positive oligoden-
drocytes, Tujl-positive neurons (FIG. 19 E-G) and GFAP-
positive astrocytes (not shown for all media) surrounded all
neurospheres, their numbers varied extensively. Secondary
neurospheres grown 1n SHH produced significantly more oli-
godendrocytes and neurons compared to the other media
(FIG. 19H). We tested several concentrations of SHH and
found that the effects on BrdU labeling and oligodendrocyte
and neuron generation were optimal at 1000 ng/ml. Addition
of PDGF-A, alone orin combination with SHH, had not effect
on differentiation. These data support the hypothesis that
SHH 1s a mitogen for 314 cells and influences the generation
of oligodendrocytes and neurons from T4 cell-enriched sec-
ondary neurospheres.
Secondary Neurospheres Produce Oligodendrocytes In Vivo
To test the potential of 3’14 cell-enriched secondary neu-
rospheres to respond to 1 vivo cues and produce oligoden-
drocytes, we transplanted secondary neurospheres into the
brains of myelin deficient (md) rats. The md rat has a mutation
in the proteolipid (PLP) gene, severe hypomyelination and no
detectable PLP surrounding axons. The presence of PLP
immunoreactivity following transplantation, therefore, will
reflect myelination by progeny of the secondary neurosphere
cells. Forty neurospheres (~8,000 cells) were injected 1nto the
right striatum of 3 day-old md rat pups. Because of their
limited lifespan, md pups were sacrificed at day 20 and exam-
ined for PLP-positive myelin sheaths. FIG. 20 illustrates
PLP-positive myelin was found in striatum, corpus callosum
and cerebral cortex. The myelinating cells were widely dis-
tributed on the 1njected side of the brain, but were not seen on
the contralateral side. The transplanted oligodendrocytes
often occurred 1n clusters with each extending several PLP-
positive processes to mdividual myelin sheaths.
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Discussion

Four major findings of this study support the concept that
BT4 antibodies 1dentity a stem cell 1n the mammalian brain.
First, 3’14 cells have atemporal and spatial distribution which
correlates with the latter stage of telencephalic gliogenesis 1n

the developing human brain. Second, 314 cells were present
at low densities in the SVZ of the lateral ventricles of the adult
human brain and were increased 7-fold 1n the SVZ of MS
lesions. Third, anti-mitotic treatment of rat brain primary
neurospheres resulted in an 2.700-fold enrichment of pT4
cells. Fourth, generated by the enriched [3'T4-positive second-
ary neurospheres proliferated in response to SHH and pro-
duced oligodendrocytes, neurons and astrocytes 1n vitro and
oligodendrocytes 1n vivo.

Our mutial 1dentification of SVZ 3T4 cells was a result of
testing whether BIV tubulin antibodies could 1dentity oligo-
dendrocytes 1n sections from MS brains. While 314 antibod-
1es weakly stained oligodendrocytes 1n adult human brain, an
additional population of T4 cells were present in the SVZ.
Several observations suggested that these cells have stem cell
characteristics. The most striking was the increase 1n 3’14 cell
doublets and density 1n the SVZ adjacent to lesions. This
implied that these cells had the capacity to divide, albeit
slowly because proliferation markers failed to label these
cells and mitotic figures were not observed. The SVZ of MS
lesions 1s a region where we consistently 1dentify oligoden-
drocyte progenitor cells, but 3 T4 cells did not express specific
markers of OPC or any other previously characterized CNS
cells. On the other hand, BT4 cells expressed olig2, a tran-
scription factor that 1s expressed by populations of undiffer-
entiated neuroepithelial cells during development and
throughout the oligodendrocyte lineage. For this reason, we
ivestigated the origins of 314 SVZ cells in the adult human
CNS by analysis of the developing human brain.

Gliogenesis in the mammalian telencephalon occurs 1n a
continuous wave that begins in embryonic ventral prolifera-
tive zones, such as the medial and lateral ganglionic emi-
nences and progresses dorsally during the fetal and perinatal
periods. The pattern of 314 expression shows the same tem-
poral and spatial distribution. The earliest age examined was
19 weeks post conception, which 1s developmentally roughly
equivalent to the perinatal rodent. Atthis point pT4 cells were
most numerous ventrally and progressively increased dor-
sally at later ages. In the postnatal brain the density 1s
decreased to a level similar to the adult brain. The change 1n
density could result from any combination of mechanisms,
including cell death, differentiation and brain growth. The
final result 1s a difluse distribution of these cells throughout
the SVZ of the lateral ventricles and positioned to be activated
in response to demyelination of subventricular white matter
of the adult brain.

While the distribution of 314 cells support their associa-
tion with gliogenesis 1n developing and diseased human
brains, these correlations did not provide direct evidence for
stem cell behavior. Therefore, we mvestigated rat T4 cell
behavior 1n vitro. By incorporating an arac selection step into
the standard neurosphere assay, we were able to produce
neurospheres that were nearly homogeneous for 314 immu-
nophenotype and differentiated into neurons, oligodendro-
cytes and astrocytes when placed into adherent cultures.
These cells showed little evidence of proliferation in the
presence of EGF and FGF2 but rapidly incorporated BrdU in
response to Shh. In vivo fate mapping has shown that all
lineages 1n adults can differentiate from Shh responsive cells.
The most numerous dertvatives of Shh responsive cells 1n this
healthy rodent model were the neurons of the olfactory bulb
and dentate gyrus that are constitutively produced throughout
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adulthood. Our transplantation studies demonstrating that
myelinating oligodendrocytes are produced from pT4 cells
and the apparent proliferation of 3’14 cells 1n the lesions of
MS suggest that 3 T4 cells in the adult SVZ can be activated to
proliferate and differentiate in the setting of oligodendrocyte
deficiency.

We were unable to 1dentify any relationship of the 3’14 cells
described here to other SVZ cells with stem cell properties.
The best characterized stem cell of the adult SVZ cell
expresses GFAP. Although we have 1dentified small numbers
of GFAP positive cells in secondary 314 enriched neuro-
spheres, we have never observed co-expression of GFAP and
314 1n vivo or 1n vitro. It 1s possible that these antigens are
expressed at different stages, and transgenic lineage tracing
studies 1n progress will address this question. Regardless of
the answer, this work has identified a model 1n vitro system
for obtaining pure populations of a cell with stem cell prop-
erties and inducing rapid proliferation providing new avenues
for investigation and development of therapeutics.

The potential of stem cell therapeutics to treat neurodegen-
eration disease will require better characterization of the adult
stem cell in human brain. Adult CNS stem cell research has
been limited by the lack of unambiguous markers and by the
ability of transient amplifying and committed progenitor cells
to produce neurospheres. We described here a SVZ cell in the
human brain that has stem cell traits based upon a low rate of
proliferation, adhesion upon enrichment, appropriate spatial,
temporal and quantitative distributions 1n developing and dis-
cased human brain, and the ability to produce differentiated
neural cells 1 vitro and 1n vivo.

Materials and Methods
Tissue Specimens

Human subjects approvals. All human tissue studies were
approved by the Cleveland Clinic Institutional Review Board.
Multiple Sclerosis Tissue

All MS brains were obtained by a rapid post mortem pro-
curement protocol from prospectively consented donors and
characterized as previously described. A total of 20 lesions
from 8 brains were examined in this study.

Adult Control Tissue

The control tissues were obtained from redundant/residual
maternal from complete autopsies of patients without neuro-
logic disease performed at Cleveland Clinic. A total of 14
sections from 4 brains were examined.

Perinatal Control Tissue

Development studies were performed on tissues from
redundant/residual material from complete autopsies of live
born 1nfants performed at Cleveland Clinic (n=1, full term
birth, post natal 17 months, cause of death: acute myocardial
infarction secondary to congenital heart disease) or Akron
Children’s Hospital (n=12, ages 19-38 weeks post concep-
tion, other demographics unknown). Representative sections
including the SVZ were available for examination.
Immunohistochemistry of Tissue Sections
Antibodies

Tissue sections were immunostained with antibodies spe-
cific for the following molecules: Class III beta tubulin
(Tujl), Covance; Class IV beta tubulin, Sigma; GFAP, Dako,
Glostrup, Denmark; Leukocyte common antigen (LCA),
Dako, Glostrup, Denmark; MHC Class II (HLA-DP, DQ, DR
Antigen), Dako, Glostrup, Denmark; Myelin basic protein
(MBP), Sternberger Monoclonals, Baltimore, Md.; Ng2
Chondroitin Sulfate Proteoglycan (NG2), Chemicon Interna-
tional, Olig2, Giit from David Rowitch, John Alberta; Pro-
teolipid protein (PLP), (Agmed, Bediord, Mass.); PSA-
NCAM, Pharmingen, San Diego, Calif.
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Procedure

Immunohistochemistry of tissue was performed on
paralormaldehyde-fixed free floating sections (all adult
specimens) or formalin fixed parailin embedded sections
(perinatal specimens) by methods established in the labora-
tory. Antigen retrieval was used when necessary. All charac-
terization of antigen distribution 1n tissue was first performed
using avidin biotin complex (Vector) and diaminobenzidine
histochemistry and brightfield microscopy. Sections used for
double-labeling experiments were mcubated with two pri-
mary antibodies for 3-5 days followed by fluorescently-con-
jugated and biotinylated secondary antibodies (Jackson
ImmunoResearch Laboratories, West Grove, Pa.) for 1-2
hours.

Quantitation of f14 cells in SVZ

The SVZ was defined as the region between the ependyma
and subcortical white matter defined by axon and myelin
immunostaining. MS lesion areas were defined by PLP stain-
ing 1n adjacent sections. T4 cells were counted 1n sequential
0.5 mm fields using a 40x objective. For statistical compari-
son of MS and control T4 cells, all counts from each brain
were combined and non-paired Student’s t-tests were used
with Bonferrom correction for multiple comparisons. Paired
t-tests were used for comparison of p14 cells 1n lesion versus
non-lesion areas. Significance was set at p<<0.03.

Cell Culture
Primary Neurosphere Culture

All studies on animals were approved 1n advance by Cleve-
land Clinic Institutional Animal Care and Use Committee.
Postnatal day four (P4) Sprague Dawley rats were anesthe-
tized by hypothermia and the brains rapidly removed and
dissected. Periventricular tissue was 1solated from a ~1 mm
thickness coronal section of forebrain at level of the septum.
It included ependyma and subependymal tissue from the
medial and lateral walls of the lateral ventricle, but excluded
the superior wall that underlies the subcortical white matter.
The tissue was finely minced and incubated in Trypsin
(0.05%, Mediatech Cellgro, Herndon, Va.) and DNase (250
U/ml, Sigma, St. Louis, Mo.) at 37° C. for 10 minutes. Diges-
tion was stopped with 10% {fetal bovine serum (FBS,
Hyclone, Logan, Utah). The suspension was filtered with a 40
um cell strainer (Becton-Dickinson, Bedford, Mass. ), washed
and centrifuged. The pellet was suspended using “neuro-
sphere medium” composed of DMEM/F12 (Fisher), N2
supplement (1%, Invitrogen, Carlsbad, Calif.), epidermal
growth factor (EGF, 20 ng/ml, Sigma), basic fibroblast
growth factor (FGF2, 20 ng/ml, Sigma), Glutamax (1%,
Gibco, Invitrogen, Carlsbad, Calif.) and Penicillin-Strepto-
mycin (1%, Cellgro). Approximately 15x10° cells were
plated per uncoated 175 flask and grown at 37° C. and 5%
CO,. Atter 3-4 days 1n culture, primary neurospheres were
either analyzed by immunocytochemistry or used to produce
secondary neurospheres.

Secondary Neurosphere Culture

Primary neurospheres, generated as described above, were
dissociated with trypsin and trituration and then plated onto
poly-L-lysine-coated (P-1274, Sigma) coverslips (10° cells/
12 mm coverslip). The coverslips were incubated 1n neuro-
sphere medium with cytoarabinoside-C (Ara-C, 10 uM,
Sigma) for 4 days. Cells were detached from the coverslips by
incubation on ice. Following centrifugation, cells were resus-
pended and placed into T25 flasks for 3-4 days. The neuro-
spheres resulting from these procedures are defined as sec-
ondary  neurospheres and were  analyzed by
immunocytochemistry as described above or induced to dii-
ferentiate.
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Neurosphere Differentiation

Undissociated secondary neurospheres were plated onto
PLL-coated coverslips and analyzed at either 24 hours or 7
days 1n vitro with DMEM/F12, Glutamax and Penicillin-
Streptomycin (1%, Cellgro) with different supplements as
follows: N2 (1%); N2 (1%) plus sonic hedgehog (SHH, 1000
ng/ml, R&D, Minneapolis, Minn.); “neurosphere medium”
(N2 (1%), EGF (20 ng/ml), FGF2, 20 ng/ml).
Immunocytochemistry of Cell Cultures

Antibodies

Neurospheres were routinely immunostained with anti-
bodies specific for the following molecules: BrdU, AbCam
Ltd., Cambridge, Mass.; Class 111 beta tubulin (Tujl), R&D,
Minneapolis, Minn.; Class IV beta tubulin, Sigma, St. Louis,
Mo.; GFAP, Dako, Glostrup, Denmark; Ng2 Chondroitin sul-
fate proteoglycan (NG2), Chemicon International, Temecula,
Calif.; O4, Gift from Robert Miller; Olig2, Giit from David
Rowitch, John Alberta; Proteolipid protein (PLP), Agmed.,
Bediord, Mass.; PSA-NCAM, BD Biosciences Pharmingen;
TTF-1 (Nkx2.1), Santa Cruz Biotechnology, Inc., Santa Cruz,
Calif. Fluorescently labeled secondary antibodies used were:
goat-anti-mouse IgM FITC 1:200 ICN/CAPPEL); goat anti-
mouse IgG Alexa 1:400 (Molecular Probes); goat anti rabbit
IgG Alexa 1:200 (Molecular Probes); goat anti-rabbit 1gG
FITC 1:200 (ICN/CAPPEL); goat ant1 rat IgG FITC, 1:200
(Jackson Laboratory). Neurospheres were also immunophe-
notyped with an extensive panel of antibodies known to react
with stem and progenitor cells.

Procedure

In some experiments, primary neurospheres plated on cov-
erslips were exposed to BrdU (20 uM, Sigma) for the last 6,
16, 20 or 88 hours before fixation and staiming, and secondary
neurospheres exposed to BrdU (20 uM, Sigma) for 1 to 3 days
in the tlasks. For immunocytochemistry, neurospheres were
transierred to poly-L-lysine-coated coverslips and allowed to
attach for at least 15 min prior to fixation. Coverslips were
fixed with 4% paraformaldehyde for 30 minutes and perme-
abilized and blocked with 10% goat normal serum 1n 0.1%
triton-X100/PBS (1 hour). Primary antibodies were applied
at room temperature, except for BrdU (see below). For BrdU
immunocytochemistry, the coverslips were incubated in 2N
HCI1 (1 hour) followed by sodium borate, pH 8.6 (30 min).
FITC conjugated monoclonal anti-BrdU antibody (1:20) was
applied overmight at 4° C. DAPI was included 1n the mounting
medium (Vectashield) for nuclear detection.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 16
<210> SEQ ID NO 1

<211> LENGTH: 20

«212> TYPE: PRT

<213> ORGANISM: Rattus norvegilicus

<400> SEQUENCE: 1
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Quantitation of 14 cells 1n vitro

3’14 positive cell percentage 1n control and Ara-C-treated
cultures were quantified by counting 10 randomly selected
fields using standard fluorescence microscopy and a 20x
objective. pT4 positive primary neurosphere and secondary
neurosphere percentage were quantified by counting 10 ran-
domly selected fields using a 10x objective. BrdU incorpora-
tion over a 24 hours period (FIG. 17D) was quantified in
secondary neurospheres by counting the total number of
BrdU-positive cells 1n 18 neurospheres using a 20x objective
(three independent experiments). Quantltatlon of O4- and
Tujl-positive cell density at seven days 1n vitro in different
media (FIG. 17H) were quantified in two independent culture
experiments by counting 5 randomly selected fields using
standard fluorescence microscopy and a 20x objective.
Secondary Neurosphere Transplantation

Male myelin deficient rats (md rats, Wistar background)
were used for transplantation of secondary neurospheres.
These rats have a point mutation at position 75 (exon 3) of the
PLP gene on the X-chromosome. These rats show evidence of
PLP expression but do not form myelin 1n the central nervous
system. Pups die within 30 days after birth. P3 pups were
anesthetized by hypothermia and subjected to stereotactic
injection with 5 microliters of neurospheres suspended by
trituration (approximately 40 neurospheres, 10,000 cells).
Injection coordinates targeting the left corpus striatum were
0.4 mm anterior to Bregma, 2.3 mm lateral to midline, 3.0 mm
deep. Rats were allowed to survive for 17 days followed by
intracardiac perfusion with 4% paratformaldehyde. Coronal
free-floating sections were taken and stained with antibodies
to PLP.

Microscopy and Image Capture

Brightfield images were obtained using a Leica DMR
microscope (W. Nuhsbaum Inc, McHenry Ill.) equipped with
an Optronix Magnafire digital camera (Goleta, Ca) and pro-
cessed using Photoshop software (Adobe Corp, CA). Double
immunofiluorescence was evaluated by confocal microscopy
using a Leica TCS-NT microscope (Leica Microsystems,
Exton Pa.), equipped with an x63 1.4 NA lens followed by
image processing with Scion image (Scion Corp, Frederick,
Md.) and preparation 1n Photoshop.

From the above description of the mvention, those skilled
in the art will percerve improvements, changes and modifica-
tions. Such improvements, changes and modifications within
the skill of the art are intended to be covered by the appended
claims.

Thr Thr Leu Tyr Glu Lys Phe Thr Tyr Ala Gly Ile Asp Cys Ser Ala

1 5 10
Glu Glu Ala Ala
20

<210> SEQ ID NO 2
<211> LENGTH: 10
«212> TYPE: PRT

15



<213> ORGANISM:

<400> SEQUENCE:

Thr Ala Val Cys
1

<«210> SEQ ID NO
<211> LENGTH: 9
«212> TYPE: PRT
<213> ORGANISM:

<400> SEQUENCE :
Tyr Leu Thr Val
1

<210> SEQ ID NO
<211> LENGTH: 9
«212> TYPE: PRT
<213> ORGANISM:

<400> SEQUENCE:

Tyr Leu Thr Val
1

<210> SEQ ID NO

<211> LENGTH: 10

«212> TYPE: PRT
<213> ORGANISM:

<400> SEQUENCE:

Phe Pro Gly Gln Leu Asn Ala Asp Leu Arg

1

<210> SEQ ID NO

<211> LENGTH: 10

«212> TYPE: PRT
<213> ORGANISM:

<400> SEQUENCE:

Leu Ala Val Asn Met Val Pro Phe Pro Arg

1

<210> SEQ ID NO

<211> LENGTH: 10

«212> TYPE: PRT
<213> ORGANISM:

<400> SEQUENCE:

Ile Ser Glu Gln Phe Thr Ala Met Phe Arg

1

<210> SEQ ID NO

<211> LENGTH: 11

«212> TYPE: PRT
<213> ORGANISM:

<400> SEQUENCE:

Lys Leu Ala Val Met Asn Val Pro Phe Pro Arg

1

<210> SEQ ID NO

<211> LENGTH: 12

«212> TYPE: PRT
<213> ORGANISM:

<400> SEQUENCE:

59

Rattus norvegicus

2

Asp Ile Pro Pro Glu Arg

5

Rattus norvegicus
3

Ala Ala Val Phe Arg
5

Rattus norvegicus

4

Ala Ala Ile Phe Arg
5

5

Rattus norvegicus

5

5

6

Rattus norvegicus

6

5

7

Rattus norvegicus

7

5

8

Rattus norvegicus

8

5

5

Rattus norvegicus

5

10

10

10

10

10
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61

-continued

Ile Met Asn Thr Phe Ser Val Met Pro Ser Pro Lys
1 5 10

<210> SEQ ID NO 10

<211> LENGTH: 15

<212> TYPE: PRT

<213> ORGANISM: Rattus norvegicus

<400> SEQUENCE: 10

Ala Val Leu Val Asp Leu Glu Pro Gly Thr Met Asp Ser Val Arg
1 5 10 15

<210> SEQ ID NO 11

<211> LENGTH: 14

<212> TYPRE: PRT

<213> ORGANISM: Rattus norvegicus

<400> SEQUENCE: 11

Leu His Phe Phe Met Pro Gly Phe Ala Pro Leu Thr Ser Arg
1 5 10

<210> SEQ ID NO 12

<211> LENGTH: 15

<212> TYPRE: PRT

<213> ORGANISM: Rattus norvegicus

<400> SEQUENCE: 12

Ala Tle Leu Val Asp Leu Glu Pro Gly Thr Met Asp Ser Val Arg
1 5 10 15

<210> SEQ ID NO 13

<211> LENGTH: 15

<212> TYPE: PRT

<213> ORGANISM: Rattus norvegicus

<400> SEQUENCE: 13

Ala Tle Leu Val Asp Leu Glu Pro Gly Thr Met Asp Ser Val Arg
1 5 10 15

<210> SEQ ID NO 14

<211> LENGTH: 14

<212> TYPE: PRT

<213> ORGANISM: Rattus norvegicus

<400> SEQUENCE: 14

Asn Ser Ser Tyr Phe Val Glu Trp Ile Pro Asp Asn Val Lys
1 5 10

<210> SEQ ID NO 15
<211> LENGTH: 15

<212> TYPE: PRT
<213> ORGANISM: Rattus norvegicus

<400> SEQUENCE: 15

Ala Leu Thr Val Pro Glu Leu Thr Gln Gln Met Phe Asp Ser Lys
1 5 10 15

<210> SEQ ID NO 16

<211> LENGTH: 21

<212> TYPRE: PRT

<213> ORGANISM: Rattus norvegicus

62
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63

64

-continued

<400> SEQUENCE: 16

Met Glu Val Gly Trp Tyr Arg Ser Pro Phe Ser Arg Val Val His Leu

1 5 10

Tyr Arg Asn Gly Lys
20

Having described the invention, we claim:

1. A method for enriching a population ol neural stem cells,
the method comprising the steps of:

obtaining a population of uncultured cells containing at

least one neural stem cell expressing p 14 and Olig2, and
not expressing NG2, PLP and GFAP;

culturing the cells 1n a first neurosphere forming medium to

promote formation of neurospheres;

treating cell of the neurospheres formed 1n the first neuro-

sphere forming assay with an agent that kill actively
dividing cells.

2. The method of claim 1, the uncultured cells being
obtained neural tissue of a mammal.

3. The method of claim 2, the neural tissue being obtained
from the subventricular zone of the telencephalon of the
mammal’s brain.

4. The method of claim 3, the agent comprising an antime-
tabolic agent.
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5. The method of claim 3, the agent comprising cytosine-
3-D-arabinofuranoside (Ara-C).

6. The method of claim 1, further comprising culturing the
neurospheres formed 1in the first neurosphere forming
medium 1n a second neurosphere forming medium, the sec-
ond neurosphere forming medium including an agent that
kills actively dividing cells.

7. The method of claim 1, further comprising culturing the
cells treated with the agent 1n a second neurosphere forming
medium and promotes formation of neurospheres.

8. The method of claim 1, the first neurosphere forming
medium mcluding epidermal growth factor (EGFE) and basic
fibroblast growth factor 2(FGF2).

9. The method of claim 6, the second neurosphere forming,

medium mcluding epidermal growth factor (EGFE) and basic
fibroblast growth factor 2 (FGF2).
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DATED . February 26, 2013

INVENTOR(S) . Bruce Trapp et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Specification

Column 1, Lines 10-12, delete “The work described in this application was supported, at least 1n part,
by NIH Grant No. RO1 NS029818. The United States government may have certain rights in this
imvention.” and insert --This invention was made with government support under NS029818 awarded
by the National Institutes of Health. The government has certain rights 1n the invention.--
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